Crystal-structure studies and techniques at high pressure by Allan, David Robert
Crystal-Structure Studies and Techniques 
at High Pressure 
Thesis submitted by 
David Robert Allan 
For the Degree of 
Doctor of Philosophy 
Department of Physics 




Except where otherwise stated, the research undertaken in this thesis was the 
unaided work of the author. Where the work was done in collaboration with 
others, a significant contribution was made by the author. 
signed 
David R. Allan 
11 
Acknowledgements 
I take great pleasure in recording my appreciation of those who have helped and 
supported me throughout the course of this work. I am especially grateful to the 
following: 
My supervisor, Professor R.J. Nelmes for his guidance, patience and encoragement, 
and for introducing me to the field of high-pressure diffraction. 
Dr. P.D. Hatton for his encouragement, optimism (particularly when the work 
wasn't going to plan) and many useful discussions. 
Dr. J.S. Loveday with whom the neutron powder-diffraction experiments were 
done, Dr. R.O. Piltz for his help, cheerfulness, sense of humour and freely ex-
pressed opinions, and Dr. M.I. McMahon for his help and companionship over the 
last year at the SRS Daresbury Laboratory. 
Dr. H. Ahsbahs for providing access to his pressure cell, and to Dr. W.F. Kuhs 
and R. Dorwarth with whom the single-crystal neutron-diffraction experiments 
were done. 
p 
Dr. P.A. Thomas for her encouragement of the experiment on KTP, for her 
provision of a suitable sample and for her help with the interpretation of the 
results. 
To the S.E.R.C. for financial support. 
I would also like to take the opportunity to express my thanks to all those friends 
and colleagues in the Physics Department at Edinburgh and at the SRS Daresbury 
Laboratory who have made the last three years extremely enjoyable. 
Finally and above all, I am grateful to my parents for their unfailing encourage-
ment, understanding and support throughout. 
This thesis is dedicated to my late brother Maurice G. Allan (1965-1989). 
111 
Abstract 
This thesis is concerned with the application of high-pressure diffraction tech-
niques - involving both x-rays and neutrons, single crystal and powder samples 
- to the study of crystal-structures at high pressure and to the development of 
such techniques for the determination of crystal-structures with greater accuracy 
and more reliabilty. The current state-of-the-art high-pressure diffraction tech-
niques are reviewed and applied to the study of a number of interesting materials. 
The crystal structure of KTiOPO 4  (KTP) has been determined as a function of 
pressure as its phase transition at 5.5 GPa is approached, using single-crystal 
x-ray diffraction techniques. The principal changes with pressure are in the co-
ordination environments of the potassium atoms and in the linking angles of the 
Ti06-PO 4  structural framework. In general the distortions of the Ti0 6 octahedra, 
which have been linked to the second harmonic generating properties of KTP, are 
retained although there are some small changes in the Ti-0 bond lengths. The 
structure of the high-pressure phase of KTP has also been determined, using 
single-crystal x-ray diffraction, and it appears that, although the phase transition 
is strongly first-order and involves a 4.2% reduction of the unit-cell volume, the 
Pna21  space-group symmetry of the low-pressure phase is retained. The main 
structural changes at the phase transition involve tilting of the PO 4 tetrahedra 
relative to the Ti0 6  octahedra, while both units remain relatively unchanged in 
size and shape. In particular, the Ti0 6  octahedra remain highly distorted and 
retain their anomalously short Ti-OT bonds. The potassium atoms are also ob-
served to undergo relatively large movements of about 0.5A along the polar c-axis 
at the transition. 
The crystal structure of KH 2PO4  (KDP) has been determined at 2.9 GPa, a pres-
sure just below that of its high-pressure ambient-temperature phase transition, 
using single-crystal neutron diffraction. It appears that the oxygen-oxygen dis-
tance, ZR, undergoes a uniform compression to 2.9 CPa which is moderated by 
the rotation of the essentially rigid PO 4 tetrahedra around their 4-axes. The 
compression of 211 is also accompanied by a re-orientation of the hydrogen bond 
which is observed to increase its inclination with respect to the ab-plane. The 
hydrogen atom site separation, 5, is not found to vanish as the phase transition 
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is approached, as has previously been proposed, but, instead exhibits a linear 
decrease with pressure to a value which is only about 25% smaller than that at 
ambient pressure. 
The crystal structures of a-rhombohedral boron (a-boron) and boron carbide 
(13 4C) have been determined as a function of pressure, using single-crystal x-ray 
diffraction techniques and both x-ray and neutron powder-diffraction techniques. 
It appears, within the precision of the refined structural parameters, that the 
B 11 C icosahedra of 13 4 C and the B 12 icosahedra of a-boron are not significantly 
different. This result casts some doubt on the structural interpretation of the 
pronounced decrease in the bulk modulus of boron carbide that has been observed, 





1.1 Pressure as an Experimental Parameter 
Nonambient studies of crystalline materials are crucial to an understanding of 
the solid state. By varying the thermodynamic variables of temperature and 
pressure, experiments can be performed to establish the nature of many physical 
phenomena exhibited by these materials. The parameter of temperature can be 
used to alter the thermal energy of the atoms within the crystal structure and is 
routinely applied in many physical investigations over the range of several orders of 
magnitude both above and below ambient temperature. Hydrostatic pressure, on 
the other hand, tends to be underutilised as a thermodynamic parameter although 
it enables the variation of interatomic distances and atomic potentials at constant 
thermal energy and, in this sense, is an extremely powerful variable. It is also 
significant that variable-temperature experiments only investigate a very narrow 
line along the temperature axis of pressure-temperature diagrams although, when 
coupled with variable-pressure, these phase diagrams can assume great complexity. 
(For example, the simple molecule of H 20 has been shown to exhibit ten crystal 
structures under the combination of nonambient temperature and pressure (Liu 
and Bassett (1986).) The high-pressure regions of such phase diagrams contain 
much that is of both applied and scientific value. 
High-pressure can lead to a range of dramatic changes in the physical properties of 
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many materials. The semiconductor InSb, for example, assumes a metallic phase 
at a pressure of 2.1 GPa through a first-order structural phase transition (Nelmes 
et al (1992a). Metallisation has also been observed for the simple molecular crystal 
12 through a more gradual phase transition which is completed at approximately 17 
GPa (Shimomura et al (1978)). Other elements such as boron and hydrogen have 
been predicted to transform to metals at very much higher pressures (Mailhiot et 
al (1990), LeSar et al (1989)). Indeed, the experimental confirmation of the latter 
has generated great interest in the scientific community and has done much to 
extend the obtainable pressure range into the megabar region. 
Hydrostatic pressure has also been shown to influence the electrical transport 
properties of materials in a more subtle manner than metallisation. For example, 
the refractory semi-conductor boron carbide (13 4 C) has been demonstrated to have 
a conductivity which decreases with increasing pressure. This result was found 
to be in semi-quantitative agreement with the theoretical predictions of a model 
which attributes the electronic transport to bipolaronic hopping (Samara et al 
(1985)). Pressure has also been found to influence the transition temperature 
in the high-temperature oxide superconductors. One of the largest effects was 
observed in the 1-2-4 compound YBa 2 Cu4 08 which has a dT/dP of E.5K/GPa 
(Bucher et a! (1989)). This result has aided the theoretical interpretation of 
the 'oxygen pressure' effect in raising the transition temperature of the 1-2-3 
compound YBa2 Cu3 O as x is increased from 6.5 to 7 (Cava et a! (1988)). 
The study of the electronic structure and bonding of atoms can also be aided 
by high-pressure. Cesium, for example, is believed to undergo a 6s-5d electronic 
transition under pressure, which progresses continuously from ambient pressure 
And discontinuously near 4.2 GPa (Jayaraman et a! (1967)). The study of the 
susceptibilty of covalent and ionic crystals under pressure has also aided the inter-
pretation of the dependence of the nonlinear optical susceptibility on bond length 
(Levine (1974), Van Vechten (1969)). A final example of the use of high-pressure 
is in the study of the hydrogen ordering transition in materials such as KH 2PO4 
(KDP). At ambient pressure the transition temperature (T a ) is 122K, which can 
be reduced to 01< under a pressure of 1.7 GPa (Samara (1971)). Interpretation 
of the sensitivity of T with pressure has led to a revision of the theory for the 
transition (McMahon et a! (1990)). 
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Although there is clearly a wealth of interesting physical phenomena and a variety 
of different phase diagrams at high pressure, it is rather surprising that relatively 
few crystal-structure studies have been performed above ambient-pressure. In-
deed, the identification of high-pressure structural phase transitions has often been 
inferred indirectly through optical measurements, such as Raman spectroscopy 
(Sharma (1989)) and reflectivity (Bassett et al (1967)), or the measurement of 
physical properties, such as compressibility (Bridgman (1971)), resistance (Mao 
and Bell (1981)) or capacitance (Bao et al (1991)). Although Raman spectroscopy 
measurements may give valuable symmetry information about the atomic environ-
ments within a crystal structure, these methods do not allow the determination 
of the lattice type or spacegroup, let alone the positions of atoms within the unit 
cell. As a consequence, the structures of many high-pressure phases are completely 
unknown. 
In order to determine the full structure of these high-pressure phases the tech-
niques of x-ray and neutron diffraction must be applied. However, it is rather 
surprising that diffraction techniques have achieved only limited success at high 
pressure. For example, although x-ray powder diffraction techniques have been 
applied at pressures in excess of 3Mbar, and have successfully determined the 
lattice type and spacegroup of many materials, it has not generally been possible 
to determine the positions of atoms not fixed by the crystal symmetry. In order 
to do so, from least-squares refinement of the diffracted x-ray intensities, single 
crystal methods have been required and at present the pressures for such studies 
has been limited to the region of 20 CPa. The majority of high-pressure single 
crystal studies have been performed in the fields of geophysics and geochemistry 
where mineralogists are concerned with the behaviour of minerals in the Earths 
deep interior (Finger and Hazen (1991)). Neutron diffraction techniques have 
had a much more limited pressure range and it has not been possible to under-
take diffraction studies above approximately 5 GPa, although powder diffraction, 
as well as single-crystal diffraction can be used. Compared to structural stud-
ies undertaken at ambient conditions, high-pressure structural-studies with both 
neutrons and x-rays have been of limited accuracy and have often been affected 
by systematic error, with the subtle structural changes with pressure being poorly 
determined (for example compare Kaldis et al (1989) and Nelmes et a! (1990)). 
This is unfortunate since an understanding of the pressure dependence of many 
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physical properties may depend on only small variations in crystalline structure. 
Clearly then, it is essential that high-pressure diffraction techniques are improved 
so that crystal-structure determination can be made with greater accuracy and 
more reliability. 
1.2 Objectives 
Over the past five years members of the Condensed Matter Physics Group at The 
University of Edinburgh have been involved in the development of new techniques 
for crystal structure determination at high pressure. The project was planned 
to not only develop the existing programme of single-crystal neutron and x-ray 
diffraction studies, which the group has undertaken since the late 1970's, but also 
to develop new powder-diffraction techniques for high-pressure structure determi-
nation at spallation-neutron and synchrotron x-ray sources. The principal aims of 
this new project are to identify the factors limiting the accuracy of high-pressure 
structure determination and to introduce new methods, or new high-pressure 
equipment, so that these factors are minimised, or eliminated. These aims are 
motivated by the desire to determine the subtle structural changes that many 
materials exhibit with pressure, and that have only a relatively small effect on 
the diffracted intensities, and to extend accurate determination of high-pressure 
structures to weakly scattering (low Z) materials. 
This thesis describes the author's involvement in this broadly based project. The 
central purpose has been to gain experience across the full range of diffraction 
techniques - using both single-crystal and powder samples and working with 
both x-ray and neutron radiation - whilst at the same time developing a special-
isation in one of them, namely single-crystal x-ray diffraction. This is reflected 
in the structure of the thesis: the largest part is devoted to single-crystal x-ray 
diffraction studies, but state-of-the-art work and developments are also presented 
using single-crystal neutron diffraction and powder diffraction techniques. For 
completeness, developments not principally involving the author will be described 
and reviewed. However, it must be emphasised that the author has been closely 
connected with all the work presented. These include the single-crystal techniques 
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of section 3.2, the basic beam-hue techniques for angle-dispersive x-ray powder-
diffraction described in section 3.3, and the development of the Paris-Edinburgh 
cell described in section 3.4. 
1.3 Thesis Outline 
The thesis is organised in the following manner: 
Chapter 2 serves as an introduction to the principles of diffraction for crystal 
structures using both x-ray and neutron radiation with powder and single-crystal 
techniques. It also reviews the equipment and techniques for high-pressure diffrac-
tion and details recent technique developments. 
Chapter 3 describes the work of the Condensed Matter Physics Group at The 
University of Edinburgh to improve the accuracy and scope of high-pressure struc-
tural studies through the development of new techniques and equipment, and to 
improve high-pressure techniques already established. The work described covers 
single-crystal x-ray diffraction, neutron powder-diffraction and the development 
of an imaging-plate system for high-pressure x-ray powder-diffraction. 
Chapter 4 describes the application of high-pressure single-crystal techniques, 
using x-ray radiation, to the study of the nonlinear optical material KTiOPO 4 
(KTP). KTP is a particularly important material in the field of opto-electronics 
and, among its many technological applications, is an extremely efficient second-
harmonic generator (SHG) of Nd-YAG laser light. The structure of KTP assumes 
the acentric Pna2 1 spacegroup at atmospheric pressure and is characterised by 
a framework of Ti0 6 octahedra and PO 4 tetrahedra, which encloses the weakly 
bound potassium atoms. It is the anomalously short Ti-0 bonds within the highly 
distorted Ti06  octahedra that have been associated with the non-linear optical 
properties of the crystal. Recently, it has been demonstrated by Kourouklis et al 
(1987) that KTP exhibits a structural phase transition at a pressure of 5.5 GPa. 
Their high-pressure Raman study shows that there is an increase in the number 
of detectable modes at 5.5 GPa, which was interpreted as a lowering of the crystal 
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symmetry into an antiferroelectric phase. The purpose of the high-pressure struc-
tural study, described in chapter 3, was to establish the major structural changes 
as the phase transition is approached and to determine the structure of the high-
pressure phase. A relationship between the structural changes with pressure and 
the effect they may possibly have on the SHO characteristics of the crystal is 
also explored. This chapter describes a substantial part of the experimental work 
presented in the thesis and has been published in the form of three papers (Allan 
ci al (1991), Allan ci a! (1992), Allan and Nelmes (1992)). 
Chapter 5 describes the application of high-pressure single-crystal techniques, us-
ing neutron radiation, to the study of the ferroelectric KH 2PO4 (KDP), which 
is a well known representative of hydrogen-bonded materials which exhibit phase 
transitions. The phase transition in KDP is associated with the hydrogen atoms, 
which are 50/50 disordered over two sites in 0—H ... 11-0 bonds above T. Upon 
cooling through T, the hydrogen atoms order onto one site in asymmetric 0-
H. ..0 bonds. The transition temperature is sensitive to the substitution of the 
hydrogen atom with its heavier isotope deuterium, and also to the application of 
hydrostatic pressure. At atmospheric pressure the transition temperature is 122K, 
which can be reduced to OK under a pressure of 1.7 GPa. The reduction of T 
with pressure has been associated with the decrease of the H ... H site separation 
(5), which is determined by the oxygen-oxygen distance (2R) between adjacent 
PO4 tetrahedra (McMahon et at (1990. 
)). 
Matsushita and Matsubara (1982) 
have modelled the potential between the 0—H ... 11-0 bonds and have calculated 
that for a sufficiently large 211 the hydrogen atom resides in a potential with two 
minima. At a 211 calculated to be 2.47A the model predicts that the two minima 
merge to produce a single minimum. It has also been calculated that for a 2R close 
to 2.4A the hydrogen atom resides at the midpoint of the two oxygens (Coulson 
(1961)). Recently, Endo ci at (1989) demonstrated, from a single-crystal high-
pressure x-ray diffraction study of KDP, that 2R decreases to a value of 2.45A 
at 2.6 GPa (ambient temperature) and then increases again for higher pressures. 
They attributed this behaviour to a structural phase transition, close to 2.7 GPa, 
and asserted that the hydrogen atom was located at the centre of the hydrogen 
bond above the transition (although they could not observe this directly from 
the x-ray data). The high-pressure neutron-diffraction structural study, described 
in chapter 4, was performed to measure accurately the oxygen-oxygen distance 
of KDP close to 2.7 GPa and to determine the H ... H site separation (8) at this 
pressure, for the first time. 
Chapter 6 details the application of high-pressure powder diffraction techniques, 
using both x-ray and neutron radiation, and high-pressure x-ray single-crystal 
techniques for the study of the icosohedral boron-rich materials boron carbide 
(134 C) and a-boron. The icosohedral boron-rich solids are refractory materials ex-
hibiting a range of unique and potentially useful electronic, thermal and transport 
properties (Emin (1987)). They are characterised by having unusual twelve-atom 
icosóhedral units within their crystal structures. The exceptional properties are 
believed to be closely associated with the nature of these structural units. The 
crystal structures of 13 4C and a-boron are very similar and relatively simple. For 
B4 C, disordered 13 11 C icosahedra are arranged on a rhombohedral lattice with 
an interconnecting C-B-C chain crossing the unit cell parallel to the [11 11 di-
rection. In the case of a-boron the three atom chain is lost leaving only B 12 
icosahedra. Bonding theory and indirect experimental evidence suggest that the 
inter-icosahedral bonding is stronger and stiffer than that of the intra-icosahedral 
bonding (Bullett (1982), Gieske et al (1990)). This proposed nature of the bond-
ing has been used to interpret the observed decrease in the electrical conductivity 
of B 4 C with pressure (Samara et al (1985)). The interpretation is based on con-
duction by hopping of small-bipolarons between 13 11 C icosahedra and the decrease 
in the conductivity has been attributed to the icosahedra being more compressible 
than the rest of the structure. However, there is no direct structural evidence to 
support this assumption. In this chapter a series of high-pressure structural stud-
ies are described which were undertaken to determine the structures of 13 4 C and 
a-boron as a function of pressure, so that the compressibility of the twelve-atom 
icosahedra could be determined. 
Finally, Chapter 7 draws conclusions from the work presented in the preceding 
chapters and discusses future advances that can possibly be made in the determi-
nation of crystal structures at high pressure. 
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Chapter 2 
A Review of High-Pressure Diffraction 
Techniques 
2.1 Introduction 
The purpose of this chapter is to serve as a detailed introduction to the methods of 
crystal structure determination at high pressure, by reviewing the current state-
of-the-art high-pressure techniques, and to highlight their limitations for reliable 
crystal structure studies. 
This chapter is arranged in the following manner. Section 2 describes the tech-
niques employed for crystal-structure determination at both ambient pressure and 
high pressure, and considers the factors affecting the reliability of diffraction data. 
Sections 3 and 4 review all aspects of high-pressure diffraction apparatus and tech-
niques, whether using powders or single crystals and neutron or x-ray radiation. 
Finally, section 5 discusses the limitations of high-pressure instrumentation and 
techniques presented in the preceeding sections. 
ri] 
[J 
2.2 The Determination of Crystal Structures by 
X-ray and Neutron Diffraction 
2.2.1 Diffraction Techniques 
A great deal of the present knowledge about the sub-microscopic structure of 
crystalline materials has been derived from studies of the diffraction of x-rays by 
crystals. This method was first used by W. L. Bragg in 1913 to determine the 
crystal structure of sodium chloride. Since then both x-ray and neutron diffraction 
techniques have advanced rapidly and have been used to establish the structural 
features of many kinds of stable chemical species, from the simplest, containing 
only a few atoms in the unit-cell to those containing many thousands of atoms, 
such as proteins and viruses. However, although there has been significant tech-
nical advances over the years, the basic principles, upon which crystal-structure 
determination is based, have remained the same. 
Bragg was the first to associate the diffracted x-ray beams, or 'reflections', with 
planes within the unit cell of the crystal structure, defined by the Miller indices 
h, k and 1. From this relationship he was then able to derive an equation, known 
as Bragg's law, which gives the necessary condition for diffraction 
A = 2dsin(9) 
	
(2.1) 
where A is the wavelength of the incident radiation, d is the spacing between 
the crystal planes that are in the diffraction condition, and 0 is half the angle 
through which the incident radiation is diffracted. The relative intensities of these 
reflections give detailed information about the atomic positions within the unit 
cell through the structure factor, F. The intensity of each reflection is related to 
F2 , where F is defined by 
N 
F = >fnexp27ri(hxn + ky + 1z) 	 (2.2) 
where N is the number of atoms in the unit cell, f, and x,, y,, Z n are the scattering 
factor and fractional coordinates of the flhh  atom respectively. Therefore, the 
crystal structure of a material can be determined by measuring sets of reflections. 
The size and shape of the unit cell (the lattice type) can be derived from the 
d-spacings of each reflection, calculated from 0 using Bragg's law (equation 2.1), 
and the positions of the atoms, within this unit cell, can be determined from 
the intensities of the reflections, using equation 2.2. Although they have been 
described in an extremely simplified manner, these principles form the basis for 
all x-ray and neutron diffraction structural studies of which there are two distinct 
types. 
In the first, the wavelength of the incident radiation is fixed and the reflections 
are measured by moving the detector through 0. This 'angle-dispersive' approach 
is the most successful, and the most widely used, method for the determination of 
crystal structures at ambient pressure and is applied routinely for single-crystal 
and powder techniques with both x-ray and neutron radiation. The single-crystal 
technique is the most favoured for the determination of accurate crystal struc-
tures and detailed structural information, such as electron density or anharmonic 
thermal motion, since the reflections are measured individually and are generally 
not affected by other reflections, unless the sample is twinned or there is strong 
multiple diffraction. For powder methods, on the other hand, the reflections are 
inevitably overlapped, especially at short d-spacing, and the intensities of indi-
vidual reflections cannot be readily determined. Although structural refinement 
of powder data has been improved by the procedure of Rietveld (1969), where 
a curve is fitted through the entire powder pattern rather than attempt to fit 
the intensities extracted from isolated peaks, the significant loss of information 
at short d-spacing (high 0) limits the resolution of the powder technique. Pow-
der techniques have also generally not been favoured for the solution of unknown 
crystal structures due to both the intensity correlation between overlapping re-
flections and the loss of three dimensional structural information. Of the choice 
between x-ray and neutron radiation, it is generally considered that neutrons give 
the more accurate structural information for both the atomic positions and ther-
mal motion. This is due to the difference in the nature of x-ray and neutron 
scattering. For x-rays, the scattering occurs from the shells of electrons which 
have a radius comparable with the x-ray wavelength. Interference therefore oc- 
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curs between the x-ray radiation scattered from different parts of the atom so 
that the atomic scattering factor decreases as sinO/A increases (figure 2.1). Ad-
ditionally, an intensity variation is also introduced by a polarization factor which 
has an angular dependence of (+cos 2 (20))9 for unpolarized incident radiation 
(McKie and McKie (1986)). This reduction in intensity at high angles, coupled 
with the reduction due to thermal motion, ultimately limits the resolution of x-
ray data. On the other hand, there is no polarization factor involved in neutron 
scattering and, since the radius of the nucleus is very small compared to the 
neutron wavelength, the nuclear form factor does not decrease as a function of 
scattering angle (figure 2.1). Therefore, neutron radiation is more favourable for 
high-resolution structural studies or those requiring detailed information about 
atomic thermal motion. The nuclear scattering power also varies irregularly with 
atomic number, unlike the atomic scattering power which shows a regular increase 
with atomic number, and, consequently, neutrons allow the accurate location of 
light (low Z) atoms. However, since the absolute nuclear scattering power for an 
atom is smaller than its corresponding atomic scattering power, and since neutron 
sources are weaker than those for x-rays, it is necessary to use larger samples for 
neutron diffraction structural-studies. As will be shown in section 2.3.1, this ulti-
mately limits the utility of neutron-diffraction for structural studies at very high 
pressures. 
The second type of x-ray and neutron diffraction study is that which requires 9 
to be fixed and A to be varied-the 'energy-dispersive' mode. In this technique, 
the detector is usually fixed and a white, or polychromatic, incident beam bathes 
the sample. The crystal planes diffract the appropriate wavelength (according 
to Bragg's law) into the detector and individual reflections have their intensities 
determined by analysing the energy distribution of the detected radiation. This 
technique has been used rarely, until fairly recently, since it requires a radiation 
source producing a smooth and continuous spectrum over a range of wavelengths 
suitable for crystallographic studies. It has been with the advent of synchrotron 
x-ray sources and spallation neutron sources, which both produce the required 
spectrum at sufficient intensity, that the energy-dispersive technique has been 
used more frequently. Of the two possible sample types, powder-techniques have 
proved to be the most popular. Indeed, energy-dispersive powder-diffraction using 













(sin 8)/A (lOs 	) 
Figure 2.1: The neutron and x-ray scattering amplitudes for potassium as func-
tions of sin(0)/A (from Bacon (1975)). 
the spallation source beam allows the time-of-flight of a neutron to be determined 
very accurately which, from a knowledge of its flight path through the instrument, 
can be used to determine its wavelength, by the de-Broglie equation, A=h/mv, 
where h is Planck's constant, m is the ma.of the neutron and v is its velocity. 
The peak shapes are well determined and sharp, allowing full structure refinement 
with the Rietveld method. In contrast, energy-dispersive x-ray powder diffraction 
has been used very rarely for structure refinement. This is mainly due to the 
poor powder patterns that can be measured with this method. The sample peaks 
are broad, due to the limited energy resolution of the semiconductor detectors, 
and are overlapped by fluorescence peaks from the sample and electronic escape 
peaks from the detector itself. In order to carry out full profile refinement it is 
necessary to correct the data for these effects, which has achieved only limited 
success (see for example Neuling and Holzapfel (1992)). Therefore, despite the 
fact that many x-ray diffraction studies at high pressure have used this technique 
they have generally been limited to the determination of unit-cell dimensions and 
spacegroup. 
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Single-crystal studies using energy-dispersive techniques, the Laue method, have 
been used extensively, over recent years, in the protein crystallography commu-
nity. This method is well suited for the solution of complex protein structures 
since it allows the simultaneous measurement of many thousands of reflections 
on film, or some other area detector, in exposure times which can be consider-
ably less than one second (see for example Helliwell (1989)). From comparative 
studies of the Laue and monochromatic x-ray diffraction techniques, the data 
were shown to give similar results, although the monochromatic data was of a 
generally higher quality (Gomez de Andrez et al (1989)). The use of the Laue 
method for neutron diffraction, however, has not yet been widely used for crystal-
structure determination, although the two-dimensional position-sensitive detec-
tors permit the measurement of a large volume in reciprocal space simultaneously, 
the third dimension being time-of-flight. However, the need to take wavelength-
dependent factors into account, such as extinction and absorption in the sample, 
the incident radiation spectrum, and detector efficiency make quantitative Lauc 
neutron-diffraction experiments (as in all energy-dispersive experiments whether 
using x-rays or neutrons, powders or single crystals) more difficult than standard 
angle-dispersive techniques (Jauch et al (1988)). Nevertheless, some success has 
been achieved (Alkire et al (1984), Harrison et a! (1990)). 
Although some of the methods described above offer clear advantages, the choice 
of technique may ultimately depend on the nature of the material being studied. 
The material may, for example, be difficult to grow as a single crystal, or have a 
pulverising first-order phase transition, necessitating powder diffraction techniques 
to be employed. The choice of whether to use x-ray or neutron radiation may also 
depend on the difficulty in producing sufficient quantities of the material, or other 
factors such as absorption, the presence of light atoms, such as hydrogen, and 
the ability to observe weak structural effects, such as difference reflections, if the 
atomic or nuclear scattering factors are similar. It is, therefore, essential that a 
range of diffraction techniques are developed for high-pressure diffraction involving 
all the methods described. 
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2.2.2 The Factors Affecting Accurate Crystal-Structure 
Determination 
Before establishing how these diffraction techniques have been applied to the de-
termination of crystal structures at high-pressure, it is important that the factors 
affecting the reliability of diffraction data, for accurate crystal-structure determi-
nation, are understood. These factors have been studied in great detail for many 
years (for example Ardnt and Mathieson (1969), Blessing (1987)) and it is not 
the authors intention to examine this subject at length. However, some of these 
factors are particularly relevant to high-pressure diffraction and are summarised 
below. 
Single-Crystal Diffraction 
The data set should contain all independent Bragg reflections (including a 
number of their symmetry equivalents) up to the required resolution limit, in 
sinO/A. The reflections should also cover a uniform and reasonably isotropic vol-
ume of reciprocal space to avoid biassing the refined structure. 
The background should be low and smoothly varying so that the intensity of 
each reflection can be integrated accurately. 
The intensity of each reflection should be corrected for the effects of absorption 
from the sample itself and any absorbing sample environment, such as a cryostat. 
The sample crystal should be completely bathed, and well centred, in the 
incident beam of radiation to avoid intensity variations at different settings of the 
diffractometer. 
Powder-Diffraction 
As full a powder pattern as possible should be collected, at least as high as 
the required resolution limit. 
For the Rietveld refinement method to extract accurate intensities from the 
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diffraction peaks, the background should be smoothly varying in 0 so that it can 
be easily fitted. The pattern should also be free of contaminant peaks from foreign 
material. 
The powder pattern should be corrected for the effects of absorption. 
The orientation of the crystallites within the sample should be highly ran-
domised to avoid preferred orientation. This is often achieved by using a relatively 
large volume of finely ground sample which is rotated in, the incident beam. 
The equipment and techniques that have been developed to achieve these criteria, 
for high-pressure structural studies, are discussed in the following two sections. 
2.3 High-Pressure Apparatus 
2.3.1 Pressure Cells 
The development of apparatus to maintain materials at high hydrostatic pressure 
has been an active area of research for many years. From the pioneering work 
of Bridgman, during the early part of this century (Bridgman (1971)), until the 
late 1960's, massive hydraulicly driven Bridgman anvil and piston-cylinder de-
vices dominated high-pressure science. Although there were later improvements 
in design (such as multiple-anvil devices) it was not until the advent of the gas-
keted diamond-anvil pressure cell, in the mid 1960's, that high-pressure studies of 
materials were possible in non-specialised laboratories. Indeed, over the last few 
years, the gasketed diamond-anvil cell (DAC) has become the standard tool for 
the generation of high pressures and has been applied in many kinds of experi-
mental investigation, such as Brillouin scattering (Whitfield et at (1976)), Raman 
spectroscopy (Sharma et at (1989)), NMR measurements (Lee et at (1987)) and 
x-ray diffraction. The essential details of a DAC are shown in figure (2.2) and the 
principles upon which it operates are extremely simple. 








Figure 2.2: The essential details of a gasketed diamond-anvil pressure cell (DAC). 
faces (culets) of two opposed diamond anvils and the hole penetrating a hardened 
metal gasket. A pressure calibrant is placed beside the sample and the free volume, 
within the pressure chamber, is flooded with pressure-transmitting fluid. Pressure 
is applied by forcing the diamonds together which causes the gasket to extrude 
around the diamond culets, sealing the pressure chamber. The force required is 
not large, for even the highest pressures attainable, and can be achieved, in some 
cases, with a simple clamp arrangement or by the tightening of Allen bolts. 
The volume of the pressure chamber in a DAC, even for fairly modest pressures is 
such that a DAC can only be used for x-ray diffraction studies, the sample volume 
being insufficient for neutron-diffraction techniques. Therefore, neutron diffraction 
pressure cells often have designs more in common with piston-cylinder equipment 
and, even when they adopt design features similar to those of the DAC, require 
hydraulic rams to apply the pressure. Consequently, the large majority of high-
pressure structural studies to date have been performed using x-ray diffraction 
techniques, and a variety of DAC designs exist for both single-crystal and powder-
diffraction. The number of such designs is considerable and it is not possible 
to describe each in great detail here. However, there are general aspects of x- 
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ray (and neutron) pressure cell design that have a bearing on the quality of the 
diffraction data. These aspects, and their possible effect on the accuracy of the 
refined structure, will be described. Since the majority of high-pressure structural 
studies have been performed on standard laboratory x-ray sources with single-
crystal techniques, the pressure cells used in these studies will be examined first. 
Single-Crystal X-ray Diffraction 
The development of the DAC for single-crystal x-ray diffraction was initiated at 
the National Bureau of Standards (NBS) from a simple modification of earlier DAC 
designs (Weir et a! (1965)) and, although some structural studies were undertaken 
using adapted precession cameras (Weir et a! (1969)), it was not until the advent 
of the Merrill-Bassett pressure cell (Merrill and Bassett (1974)) that routine high-
pressure structural studies became possible. The pressure cell had an extremely 
simple construction and did not incorporate the spring actuated lever arm of the 
earlier design. This meant that the cell was small enough, and light enough, to be 
mounted on single crystal goniometers and could be used on most cameras and 
diffractometers without modification. The design of the Merrill-Bassett (M-B) 
cell is illustrated in figure, 2.3 and, since most of its design features have been 
included in many recent designs, it is worth examining in detail. 
The diamonds are mounted on two small triangular platens that are drawn to-
gether by three bolts. In the construction of the platens, beryllium discs, which 
serve as x-ray windows, are used to support the diamonds and the discs them-
selves are press-fitted into stainless steel housings. Conical apertures in the steel 
housings, each of 500  half angle, permit the measurement of 20 angles up to a 
maximum of 1000. When fully assembled, the cell is 32mm in diameter and 16mm 
thick, and possess both mirror and cylindrical symmetry. The latter feature allows 
the absorption correction, for the incident and diffracted beams passing through 
the diamonds and beryllium discs, to be dependent only on the angles ai and ad 
(see section 2.4.3). The beryllium discs each have a 1mm hole drilled through their 
centres to provide optical ports to the diamonds. This allows observation of the 
sample in the pressure chamber, simplifying initial alignment on the diffractome-
ter or camera, and also allows the use of the ruby fluorescence method for pressure 
calibration (Forman et al (1972), Barnett et a! (1973)). Pressure is applied to the 
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Figure 2.3: A diagram of the Merrill-Bassett DAC. (1) - Stainless steel platens; 
(2) - beryllium discs; (3) - gasket; (4) diamond anvils. (From Merrill and 
Bassett (1974).) 
sample by tightening the three bolts situated at the corners of the platens and 
care must be taken to ensure that each is advanced uniformly, so that the platens 
are kept as parallel as possible. 
In this original design of the M-B cell, there is no means of adjusting the diamonds 
to ensure that their culets are centred on one another and absolutely parallel - 
a condition required to avoid failure of either the diamond-anvils or the gasket. 
Although the authors claimed that the diamond alignment was not critical up to 
pressures of 2.5 GPa (the pressure limit for the cell) and very few gasket failures 
resulted, almost all subsequent versions of the original M-B cell have some means 
of aligning the diamonds. 
The desire to study minerals at higher pressure prompted Hazen and Finger (1977) 
to introduce a number of modifications to the M-B design. In order to make partial 
alignment of the diamonds possible, the well containing the beryllium disc in one 
of the steel housings is increased in diameter. The disc is then held in position by 
three grub-screws, which can be adjusted radially, so that the diamond mounted 
on this disc can be translated with respect to the other fixed diamond. Although 
there is no method of adjusting the diamond culets so that they can be made 
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absolutely parallel to one another, three guide pins are positioned symmetrically 
around the steel housings to ensure that the platens themselves are kept parallel 
during pressurization. A further modification to the steel housings is the reduction 
of the opening angle in the conical aperture, from 500  to 400  so that greater support 
is provided for the beryllium backing plates. This, however, reduces the number 
of observable reflections. With 1mm diamond culets, these modifications allow a 
substantially higher pressure, of approximately 6 GPa, to be attained. This cell 
has superseded the original M-B design and has become extremely popular due 
to both its low cost and ease of use. 
Further modifications to the M-B cell have allowed structural studies at even 
higher pressure. The cell designed by Mao and Bell (1980), see figure 2.4, is 
an enlarged version of the M-B cell and, since it was originally intended for the 
cryogenic loading of gases, all steel parts are made from maraging steel due to 
its suitability for low-temperature applications. The platens are disc shaped and 
are drawn together by two pairs of left and right-handed bolts.. Alignment is 
maintained by carefully tightening alternate pairs of oppositely threaded bolts, 
and is further aided by the provision of four guide pins. The conical apertures in 
the steel housing are now reduced to a 300  opening angle, which lends additional 
support to the beryllium backing discs, again at the expense of the number of 
observable reflections. Although one of the diamonds can be translated with 
respect to the other, there is no provision for parallel alignment of the diamond 
culets. Nevertheless, the pressure limit of the cell is greatly increased. 
A simple, and elegant, modification to the M-B cell, which overcame the problem 
of parallel alignment of the diamond culets, was included in the design of Takeuchi 
(1986). In this cell, one of the diamonds can be rotated on a ball-and-socket ar-
rangement which is formed from a hemispherically shaped backing plate mounted 
in a similarly shaped steel housing. Alignment can, therefore, be achieved by 
rotating the beryllium plate until the diamond faces are parallel. 
In order to benefit from accurate diamond alignment, the DAC itself must have 
excellent alignment stability when a pressurising force is applied. For M-B pres-
sure cells, this condition is difficult to achieve since all the bolts applying force to 
the platens must be advanced at a uniform rate. Although the guide pins prevent 
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Figure 2.4: The single-crystal DAC of Mao and Bell (1980). (From Jayaraman 
(1983).) 
gross misalignment, a loss of accurate culet alignment is inevitable. Consequently, 
many single-crystal x-ray diffraction cells, featuring both translational and rota-
tional adjustments for the diamond anvils, are based on earlier piston and cylinder 
designs. For example, the DAC of Keller and Holzapfel (1977) is basically a mod-
ification of a pressure cell designed for optical studies (Huber et a! (1977)) and is 
shown in figure 2.5. The cell body forms a cylinder and four horizontal screws, 
threaded through it, act on the lower beryllium backing plate, and provide precise 
translational centring of the diamonds. Four vertical screws, tapped into the pis-
ton, allow the upper beryllium plate to be rotated and enable parallel alignment 
of the diamond culets. Pressure is applied by advancing the tightly fitting piston 
downwards through the cell body. The force required to achieve this is provided 
by a compact system of levers whose geometry allows a large force multiplication 
factor. The hemispherical shape of the beryllium backing plates, together with 
the small beryllium plugs which close the central optical ports, reduce the problem 
of x-ray absorption to a constant angle-dependent factor. However, although this 












Figure 2.5: The single-crystal DAC of Keller and Holzapfel (1977). (From Keller 
and Holzapfel (1977).) 
beryllium results in an enhanced absorption and background scatter, and these 
drawbacks will be discussed later. The diamonds themselves are not matched for 
culet size since the authors state this facilitates the centring and parallel-alignment 
procedures. Although the piston length-to-diameter ratio has been reduced to al-
low a large opening angle in the conical apertures of the steel housings, slightly 
degrading the angular alignment stability compared to the optical cell (Dunstan 
and Spain (1989)), pressures in excess of 10 GPa have been achieved. 
The piston-cylinder arrangement is also adopted in a DAC (the DXR-4) recently 
designed by Adams (1992), see figure 2.6, and has many features derived from the 
Keller-Hozapfel cell (K-H). Alignment of the diamond culets is provided by sets 
of tilt and translation screws, situated in the titanium cell base, which bear on 
the mounting ring of the lower beryllium backing disc. The upper beryllium disc 
is set firmly into the piston. Each disc is shaped, in the same manner as the K-H 
cell, to provide angle independent x-ray absorption. A pressure plate advances 
the piston down the cylinder and is driven by two oppositely threaded bolts. Thus 
no net torque is applied to the cell when altering the sample pressure and, due to 
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Figure 2.6: A cross-section of the DXR-4 design of DAC. (From Adams (1992).) 
the much simpler force-generating system, the cell has much smaller dimensions 
than the K-H cell. Equipped with suitable diamond-anvils, it is claimed that the 
cell is probably capable of pressures close to 50 GPa. 
All the cells that have been examined so far are those with the so called 'trans-
mission geometry' where the incident and diffracted beams pass in through one 
anvil and out through the other. This technique offers a number of advantages, as 
can be seen from figure 2.7. Due to the cylindrical and mirror symmetry of these 
cells, absorption correction of the incident and diffracted beams (in the diamonds 
and beryllium) can be applied easily, satisfying the third criterion in section 2.2.2. 
Provided that the angle c, is not too great the sample will not be shadowed by 
the gasket, satisfying the fourth criterion in section 2.2.2. As will be shown in 
section 2.4.2, the second can also be satisfied provided that reflections 
in the proximity of the gasket or beryllium powder lines are not measured, or 
the type of scan, used to measure the reflections, is carefully selected. However, 
transmission-geometry cells have the drawback that only 40-50% of reciprocal 
space is accessible, this fraction depending on the opening angle of the conical 
apertures of the steel housings (Merrill and Bassett (1974)). As can be seen from 
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Figure 2.7: The definition of the angles a 1 and a - the angles between the cell 
axis and the incident and diffracted beams respectively. 
figure 2.8, the region of accessible reciprocal space is bounded by a toroidal surface 
whose rotational symmetry axis is parallel to the cell axis. The surface is defined 
by the equation 
rl = 2sin(a - 	 (2.3) 
where r is a reciprocal lattice vector, a is the opening angle of the conical aperture 
and (90-) is the angle between a crystal-plane normal and the cell axis. Although 
the transmission-geometry DAC has been used in the majority of single-crystal 
x-ray diffraction studies, care has to be taken for each structure determination, 
that the first criterion in section 2.2.2 is satisfied. 
In order to overcome the problem of limited access to reciprocal space (and thereby 
increase the number of observable reflections) a range of pressure cells with the 
transverse geometry has been developed. This design of DAC allows diffraction to 
occur approximately in the plane of the gasket, in a direction which is almost per- 
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Figure 2.8: The region of reciprocal space accessible with a transmission-geometry 
DAC. 
pendicular to the applied force (as can be seen from figure 2.9). The first example 
of a transverse-geometry cell was designed by Schiferl (1977) for the study of the 
pressure dependence of the As, Sb and Bi structures, and is shown schematically 
in figure 2.10. In this design, the incident and diffracted x-ray beams pass through 
the same anvil. This anvil is mounted on a beryllium cylinder which is rigidly set 
into a stainless steel cylinder. This cylinder is shaped to allow maximum access 
to the sample for both the incident and diffracted beams. The other diamond, 
which requires no x-ray access, is mounted on a bearing arrangement to allow the 
diamond culets to be aligned parallel to one another. There is no provision for 
translational centring of the diamonds. Pressure is applied by a lever system which 
forces a thrust rod against the back of the bearing. The lever system is extremely 
bulky and, consequently, the cell can only be mounted on specially adapted four-
circle diffractometers. A later refinement of the cell (Schiferl et a! (1978)) reduced 
the overall bulk of the pressure generating system, which made the cell suitable for 
use on several types of commercial four-circle diffractometer. The revised design 
allowed greater access to reciprocal space and a 'sliding diamond mount' provides 




Figure 2.9: The diffraction condition in the transverse geometry design of DAC. 
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Figure 2.10: The transverse-geometry of Schiferl (1977) showing the angular access 
available for the incident and diffracted beams. (From Schiferl (1977).) 
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Further improvements were introduced by Koepke et al (1985) who developed a 
piston and cylinder device which is pressurised by a compact lever system, similar 
to that used in the K-H cell. In this version, except for two small sectors shadowed 
by support pillars, the lower half of a conical belt, with an opening angle of 45 0 , 
is accessible to the incident and diffracted beams. It was also found that the use 
of diamonds with different culet sizes (0.7 and 1.3mm) reduced absorption by the 
gasket. The unmatched culet sizes cause the gasket to deform in a nonuniform 
manner so that the smaller culet face indents the gasket further. Since the incident 
and diffracted x-ray beams pass through the lower diamond, which has the larger 
culet, smaller diffraction angles can be used without considerable absorption by the 
gasket material. Although pressures up to 50 GPa can be achieved with standard 
inconel nickel alloy gaskets (Ni:Cr:Fe=72:16:8), the high x-ray absorption in this 
gasket material inevitably causes shadowing of the sample. The effect of this 
'occlusion' on the intensities of the measured reflections is difficult to correct for. 
Using beryllium gaskets, however, allows the use of simple analytic absorption 
correction although the pressure limit is reduced considerably to 2.3 GPa. 
The pressure cell designed by Ahsbahs (1984a) also uses x-ray transparent gaskets. 
Its design, shown in figure 2.11, allows for a full conical belt, with an opening 
angle of 25°, to be accessible to the x-ray beams. The cell consists of two platens 
which are held apart by three support pillars. Diamond alignment is provided by 
an adjustable steel diamond seat housed in the upper platen. The lower diamond 
anvil is mounted on a steel piston, which produces a pressurising force by a system 
of buffer springs contained within the lower platen. A small hydraulic press is used 
to compress the springs and the applied force is held by a lock-nut. When the cell 
is used for data collection, and reflections are collected in the bisecting position 
P=O), the limiting factor for reflections to be measurable is 
Osin()</3 	 (2.4) 
where O is the opening angle, in this case 25 0 . Therefore, for a 0 limit of 25°, a 
uniform sphere of reciprocal space is accessible. Although the beryllium gasket 
material allows this relatively free access to reciprocal space, it suffers the major 
disadvantage of limiting the pressure that the cell can achieve to around 3.5 GPa. 
26 
3 of each OV U• 
1cm 	- 
Figure 2.11: The Ahsbahs transverse-geometry design of DAC showing the pri- 
mary beam (PB), diffracted beam (DB) and the opening angle 0. (From Ahsbahs 
(1984).) 
A final example, of single-crystal x-ray diffraction pressure cells, is that of Ma-
linowski (1987). This cell combines features of the transverse and transmission-
geometry cells and allows more than 85% of reciprocal space to be accessed. As 
shown in figure 2.12, the body of the cell is very similar to that of the K-H cell, 
since it adopts the same lever-driven piston-and-cylinder arrangement and also 
includes alignment facilities for the diamond culets. However, the lower beryllium 
disc of the K-H cell has been replaced by a beryllium beam supported by two steel 
fingers, thereby removing almost all the absorbing steel from the lower half of the 
cell. Therefore, this cell allows both kinds of diffraction geometry to be available 
simultaneously. To reduce gasket occlusion when the cell is used in the transverse 
mode, the diamond culets are not matched for size so that the gasket distortions, 
discussed for the Keopke cell, are induced. Although the cell has been used for 
the study of cell dimensions (Malinowski et at (1986)) it has not yet been used for 
a full structural study. 
Although the transverse geometry offers a large accessible volume of reciprocal 
space and, therefore, easily satisfies the first criterion of section 2.2.2, the prob-
lems caused by gasket occlusion do not allow reliable intensity measurements. 




 (a) . 	 (b) 
Figure 2.12: Two perpendicular views of the Malinowski DAC, showing (a) the 
transmission diffraction geometry and (b) the transverse diffraction geometry. 
(From Malinowski (1987).) 
rays passing through the gasket, diamonds and beryllium components. Therefore, 
most high-pressure single-crystal structural studies using x-rays are performed 
with transmission-geometry cells, and if additional reflections are required, for 
a complex crystal structure, an alternative orientation of the crystal, within the 
pressure cell can always be used. 
X-ray Powder Diffraction 
Of all the diffraction techniques, x-ray powder diffraction has been employed at 
the highest pressures and, although this technique has been used very rarely for 
full crystal structure investigations, it is, nevertheless, important that the design 
aspects of pressure cells used in this method of study are examined. 
Since the advent of synchrotron x-ray sources, the energy-dispersive diffraction 
(EDD) technique has become the most frequently used for high-pressure studies 
of polycrystalline materials, as its fixed scattering geometry is well suited to the 
restrictions imposed by high-pressure cells. A typical design of DAC employed 
in these studies is that of Piermarini and Block (1975), which is shown in figure 
2.13. The cell design is very similar to that of Weir et a! (1965) with the exception 
that all the beryllium parts have been replaced by hardened steel. The main body 
of the cell consists of a rectangular steel plate and contains an aperture at one 
end to act as a cylinder (approximately 2cm in length) for the sliding-piston dia-
mond mount. The stationary diamond mount contains translational adjustments 
for diamond centring, while the short piston contains a hemispherical mount for 
parallel-alignment. Since the diamond mounts themselves are not transparent to 
x-rays they contain ports with suitable opening angles for EDD techniques (ap-
proximately 100 ). Force is applied through a lever, when the system of Belville 
spring washers are compressed, and pressures up to 50 GPa can be generated. A 
later version of EDD cell (Mao and Bell (1978a)), with an improved piston length-
to-diameter ratio (the piston length now being approximately 5cm) extended the 
available pressure range into the Mbar region. For alignment, this cell contains 
two tungsten carbide half-cylinders (Dunstan and Spain (1989)) whose axes are set 
perpendicular to each other and which can be translated or tilted. These tungsten 
carbide half-cylinders act as the diamond backing plates and have ports for the 
incident and diffracted x-ray beams, again with suitable opening angles for the 20 
range usually employed for EDD studies (typically 10°). A Belville washer driven 
lever-arm, similar to that of the Piermarini and Block, provides the pressurizing 
force. 
Pressure cells designed for the angle-dispersive technique adopt similar features 
to those for EDD studies. For example, the cell used by Yu et a! (1985), in their 
study of high-pressure phase transitions in group 111-V and TI-VT semiconductors, 
is a piston-and-cylinder design and has the same half-cylinder diamond-alignment 
mechanism of the Mao and Bell cell, described above. However, the half-cylinder 
mounted in the stationary diamond backing plate is modified to provide a 70° 
exit slot for the diffracted x-ray beams (figure 2.14). More recently, the mem-
brane diamond anvil cell (MDAC) of Letoullec et al (1988), shown in figure 2.15, 
has been modified by Jephcoat et al (1992) for angle-dispersive powder-diffraction. 
In this design of cell, pressures are generated by driving the piston with an in-
flatable stainless-steel membrane coupled to a nitrogen, or helium, gas cylinder. 
The membrane ensures that the force exerted on the piston is symmetrical, so 
that diamond alignment is maintained under pressure, and offers the additional 
advantage that the force can be varied smoothly, and remotely, by changing the 
gas pressure on the membrane with a system of microvalves. The design of Jeph- 
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Figure 2.13: Cutaway cross-sectional drawing of the DAC of Piermarini and Block 
(1975). (From Piermarini and Block (1975).) 
coat et al is very similar to that shown in figure 2.15 with the exception that the 
stationary diamond-seat has a tapered slot to provide a 040 0  20 diffraction angle 
for the diffracted x-ray beams. 
EDD pressure cells, of similar design to that of Mao and Bell (1978), have recently 
been taken to pressures in excess of 438 GPa (Ruoff (1992)) and powder patterns 
free from contaminant gasket powder lines have been obtained. Even with the very 
small gasket-hole dimensions required for such pressures, the highly-collimated na-
ture of the synchrotron beam, with additional accurately controlled collimation 
(Schiferl et al (1983), Spain et a! (1984)), allows illumination of the sample with-
out simultaneous illumination of the gasket. Therefore, with careful alignment 
of the x-ray optics, the second criterion in section 2.2.2 can be satisfied for both 
the energy-dispersive and angle-dispersive diffraction techniques. Since the cells 
have the transmission geometry and there are no complex x-ray absorption paths, 
a simple absorption correction can be applied to the diffracted beams, satisfying 
the third criterion in section 2.2.2. However, the very small sample volume avail-
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Figure 2.14: Cross-section of the DAC of Yu et al (1985) showing the modified 











Figure 2.15: Cross-section of the Letoullec design of membrane DAC. (From 
Letoullec et al (1988).) 
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substantially less for studies to 1 Mbar, results in a poor powder average. This 
is further accentuated in the EDD technique by the high degree of collimation re-
quired between the sample and the detector, with the consequence that only a few 
crystallites are observed in the diffraction condition. Hence, with current x-ray 
powder diffraction techniques using DACs it is generally not possible to satisfy 
the fourth criterion. 
Although large volume high-pressure devices, such as the multianvil press, hold 
sufficient material to eliminate the problems of obtaining a good powder aver-
age, comparatively little structural work has been undertaken with them. These 
devices are mainly used for high-pressure materials synthesis, such as industrial 
diamond and cubic boron nitride production, where a large pressurized volume 
and stable high-temperature are crucial (Besson et al (1992)). However, over re-
cent years, with the development of powerful synchrotron x-ray sources, multianvil 
devices have become more widely used for high-pressure x-ray powder-diffraction. 
For example, the cubic-type MAX80 press, stationed at the REX Photon Factory 
in Japan, has been used in energy-dispersive and, more recently, angle-dispersive 
diffraction studies. In this device a single hydraulic ram exerts a compressive force 
on a series of anvil blocks which then exert a uniform, and approximately isotropic, 
pressure on an octahedral gasket. The sample, contained within the gasket, has a 
volume of approximately 1 mm  and, with the appropriate anvil dimensions, can 
be sustained above 20 CPa at 800°C (Kikegawa (1992)). The main drawback with 
such systems, apart from their overall size and mass, is their complex anvil geom-
etry. As can be seen from figure 2.16, which shows the anvil arrangement for, the 
MAX80 press, the incident and diffracted beams must pass between the inner and 
outer tungsten carbide anvils. Although one of the inner anvils is constructed from 
sintered diamond to act as an x-ray window for the diffracted beam, the diffrac-
tion geometry is extremely restricted and results in a 20 diffraction angle limit of 
approximately 12°. Such limits, on the the diffraction geometry, severly reduce 
the utility of multi-anvil devices for accurate angle-dispersive powder-diffraction 
studies (see the first criterion in section 2.2.2). At all pressures contaminant x-ray 
scatter from the gasket material is inevitable and, unless the incident beam is 
carefully collimated, the anvils themselves will produce contaminant powder-lines 
as the sample pressure is increased. This contaminant scatter and the complex 
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Figure 2.16: Schematic diagram of the 6-8 type double-stage multi-anvil system 
with a sintered diamond anvil window. (From Kikegawa (1992).) 
intensities extremely difficult. 
Neutron-Diffraction Pressure Cells 
Compared with x-ray diffraction techniques, relatively few structural studies have 
been performed with neutron diffraction at high pressure. However, a number of 
different pressure cells have been designed for both the single-crystal and powder-
diffraction techniques and some of these will be examined in this section. 
Many of the pressure cells designed for neutron-diffraction structural studies have 
been based on simple piston-and-cylinder devices, and are pressurised hydraulicly. 
The cell designed by McWhan et al (1974) is a typical example As shown in figure 
2.17a, the pressure vessel is formed from a cylinder of sintered alumina (A1 203 ), 
since this material has a relatively high transparency to neutrons. Although sin-
tered alumina has a high compressive strength, its low tensile strength makes it 
necessary to balance the radial support of the cylinder carefully. This is achieved 
by shaping the outer surface of the cylinder into two opposed truncated cones and 
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compressing it between two conicly shaped support rings driven by a hydraulic 
ram, figure 2.17b. The resulting external radial compression is increased at a con-
stant rate relative to the internal pressure of the cylinder. The internal pressure 
is produced by advancing a tungsten carbide piston into the cylinder by means of 
a second hydraulic ram. A window is formed between the conical support rings 
and gives 3600 access to the sample in the horizontal plane (except for the sup-
port columns of the press). This geometry allows the cell to be used for both 
the time-of-flight and angle-dispersive powder diffraction techniques although, for 
single-crystal studies, it allows observation of only reflections lying in the plane 
perpendicular to the cell axis. 
A later design of cell (Block et al (1976)), adopting the same diffraction geometry, 
has been employed for structural studies up to 3 GPa in the temperature range of 
4-300K. In order to allow the cell to be operated in standard cryostats, or furnaces, 
its overall dimensions are smaller than those of the McWhan cell and the system 
of hydraulic rams are not included. The sintered alumina barrel is stressed, in 
the same manner as the McWhan cell, to reduce the internal forces acting on 
it, although this is achieved before the sample pressure is applied. The stress is 
created by mounting the cell on a hydraulic press and screwing the conical support 
bands, with small increments, into the threaded cell sleeve at progressively higher 
applied loads. The maximum load is fixed at a value just below that required 
to rupture the barrel. The sample is then pressurised by advancing two identical 
tungsten carbide pistons, by a system of 'force applicators', into the pressure-
chamber formed by the barrel. When the required pressure is reached, the force 
applicators are clamped and the cell is removed from the hydraulic press. As with 
the McWhan design, this cell can be used for both single-crystal and powder-
diffraction studies, although the diffraction geometry, again, allows observation of 
only those reflections lying close to the plane perpendicular to the cell axis. 
Although the pressure cells described above are capable of operating in the region 
of 5 GPa (McWhan et al (1974)), the relatively smll sample volumes they provide, 
at such pressures, necessitate a long data collection period. For the McWhan cell, 
a typical powder pattern requires at least 24 hours to collect. In order to increase 
the sample volume, an alternative design of pressure cell has been developed where 



















Figure 2.17: (a)Exploded, and (b) cross-sectional view of the directly pressurised 
supported cylinder cell of McWhan et al (1974). (From McWhan et al (1974).) 
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3 C 
Figure 2.18: The helium gas pressure cell of Paureau and Vettier (1975). (From 
Carlile and Slater (1978).) 
although capable of much lower pressures than the piston-and-cylinder devices, 
maintain the sample in perfectly hydrostatic conditions and at an extremely well 
determined pressure. 
An example of this type of cell is that designed by Paureau and Vettier (1975), 
shown in figure 2.18, which has an upper pressure limit of 0.6 GPa and is capable 
of operating at 4.2K, the freezing temperature of the helium pressurising gas. 
The cell body is constructed from aluminium, which is relatively transparent to 
neutrons, with an outer shield made from high-tensile alloy, suitably thinned at the 
level of the pressure chamber to provide a neutron window. The pressure chamber 
has a volume of 5000mm 3  which is 25 times larger than that of the McWhan cell. 
Helium gas is pumped into the pressure chamber through high-pressure capillary 
tubing and its pressure can be controlled to within 5 bar. 
The Paureau-Vettier gas-cell was originally designed for monochromatic angle- 
dispersive powder-diffraction and the powder patterns collected using this cell 
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Figure 2.19: The IPNS helium gas pressure cell. (From Jorgenson (1991).) 
sure vessel. In the gas-cell designed at the Argonne spallation neutron source 
(IPNS), for fixed geometry time-of-flight powder-diffraction, a layer of neutron 
absorbing material has been incorporated to reduce this contaminant scatter. As 
can be seen from figure 2.19, the pressure chamber is surrounded by a series of 
concentric neutron barriers which have windows for the incident and diffracted 
beams. These barriers, and the collimation pieces mounted on the outside of the 
cell, prevent any delayed neutrons (neutrons involved in multiple scattering from 
the cell components) reaching the detector. The cell, therefore, allows the col-
lection of powder patterns free from contaminant features and with a low and 
smoothly varying background. 
The successful application of the DAC to x-ray diffraction structural studies, and 
the ease with which they allow very high pressures to be attained, has prompted 
the use of suitably scaled up versions for neutron-diffraction studies. Indeed, a 
pressure cell has recently been constructed with 4 carat diamonds for neutron 
powder-diffraction at 20 GPa (Besedin et al (1990)). This pressure cell, however, 
has a sample volume that is relatively small and, considering that the anvils are 
broken during each experiment, is prohibitively expensive to operate. For cost 
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purposes, sapphire is often used as an anvil material and has been successfully 
applied in the single-crystal pressure cell designed by Ahsbahs (1984b), shown in 
figure 2.20. This cell is based on the x-ray design with the exception that the 
three steel pillars are replaced by a cylindrical aluminium sleeve, which has a low 
neutron absorption. The opening angle (3) of 25° in the original x-ray cell is 
increased to 370  or 45° (Ahsbahs (1984a)) to allow greater access to reciprocal 
space. Optical access to the sample is provided by ports through the upper and 
lower platens, and allow the ruby fluorescence method to be used for pressure 
calibration. The gasket material is a neutron permeable Ti-Zr null-matrix alloy 
which eliminates the parasitic coherent scatter and, therefore, no powder lines are 
produced by the gasket. If powder lines were produced, these would contaminate 
the background of the reflection profiles which, for neutron diffraction, must be 
measured with w-20 scans (see section 2.4.2). (A null-matrix material is produced 
by mixing elements, or isotopes, with positive and negative neutron scattering 
lengths so that the material has no overall coherent scattering length. Although 
the material no longer gives powder-diffraction lines, isotropic incoherent neutron 
scattering is produced.) 
Compared to the piston-and-cylinder devices of McWhan and Block, the opposed 
anvil cell of Ahsbahs is much more satisfactory for single-crystal studies and offers 
almost unrestricted access to reciprocal space. Conversely, the piston-and-cylinder 
devices often allow the observation of only one layer of reflections and, although 
additional crystal mountings can be used, this severly limits the structural infor-
mation that can be obtained. For example, the piston-and-cylinder design has 
often been used in high-pressure structure studies of KH 2 PO4 (KDP) and, when a 
second crystal mounting has not been possible, the structural parameters requiring 
information from reflections along the axis of the cell have had to be constrained in 
the refinements (see for example Tibballs et al (1982)). Clearly then, the Ahsbahs 
cell more readily satisfies the first criterion of section 2.2.2 and is to be preferred 
for accurate single-crystal structural studies using neutron radiation. 
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Figure 2.20: The Ahsbahs single-crystal pressure cell for neutron-diffraction stud-
ies. (From Ahsbahs (1984t1) 
2.3.2 Diamond Anvils 
Diamond is chosen as an anvil material to generate very high pressures since it is 
the hardest substance known, and relatively transparent to electromagnetic radi-
ation over a wide energy range, from the infrared through to hard x-rays. They 
are classified into two types (I and II) depending on the level and nature of their 
impurities (Seal (1984)). Type-I diamonds contain significant amounts of nitro-
gen impurity (0.1 at% or more) and are further classified into groups A and B 
depending on how the nitrogen impurities aggregate. The diamonds classified 
as type-II do not contain significant nitrogen impurity, although they do contain 
traces of a variety of impurities at the parts per million level, and are further 
classified into groups A and B, depending on their electrical conductivity. Since 
type-11 diamonds do not show absorption bands in the ultraviolet and infrared re-
gions, characteristic of the nitrogen impurities in type-I diamonds, they are better 
suited to high-pressure spectroscopic studies although they are more expensive. 
For most DAC applications type-I diamonds are usually sufficient (Dunstan and 
Spain (1989)) and the nitrogen impurities are not important. Indeed, at very high 
pressures it has been demonstrated that type-I diamonds with platelet nitrogen 
aggregates are more resistant to plastic deformation and, therefore, may offer the 
best anvil material for DACs operating in the Mbar region (Mao et al (1979)). 
The design of the anvils is a critical factor influencing the pressure a DAC can 
achieve. Many of the early designs were based on a modified brilliant cut where 
the diamond tips are polished to provide anvil culets, as shown in figure 2.21. 
Although this design is widely available on the gemstone market, with corre-
spondingly low prices, it was originally developed to maximise back reflections 
and spectral dispersion, but is not necessarily the design which gives the optimum 
strength for DAC applications. More recently an alternative design has been made 
available which has proved to be extremely satisfactory for use in the DAC (Seal 
(1984)). This design, the so called Drukker-cut, has an enlarged table diameter, 
over that of the brilliant cut diamond of the same weight, and has an increased 
anvil angle. The tightly stressed shoulders of the brilliant-cut have also been re-
moved. With the above modifications the anvil is capable of withstanding greater 
applied loads and can, therefore, achieve higher pressures. For work at very high 
pressures, the diamond culets are usually bevelled (Mao et al (1979), Mao and 
Bell (1978b)) so that stress concentration at the sharp corners are reduced and 
the support to the culets by the gasket is optimised (Bruno and Dunn (1984)). 
For x-ray diffraction structure studies, the anvil dimensions are an important con-
sideration. In order to minimise the effects of absorption of the x-ray beams and 
to reduce the incoherent background produced by Compton scattering from the 
diamonds, the anvils should be made as thin as possible. There is a limit to 
how thin the diamonds can be made, however, and this depends critically on the 
thickness to table-diameter ratio. If this is reduced, the tensile stresses in the 
base are increased, resulting in the diamond failing at lower pressures (Adams 
and Shaw (1982)). Although the table itself can be made smaller to compensate 
for this effect, it cannot be reduced significantly otherwise the anvil will begin 
to indent the backing plate at fairly modest loads (Dunstan and Spain (1989)) 
and, if the culet size remains the same, the pressure multiplication produced by 
the anvil will be reduced. The anvil dimensions are, therefore, a comprimise be-
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Figure 2.21: (a) The Drukker cut anvil, (b) the modified brilliant cut anvil and 
(c) the bevelled cut anvil. (From Sherman and Stadtmuller (1987).) 
pressure, absorption and background effects, and cost. However, diamond anvils 
typically used for x-ray diffraction studies are approximately carat (1carat=jg) 
a thickness of 2 mm, and a table and culet diameter of about 3 mm and 0.6mm 
respectively (Dunstan and Spain (1989)). The culet diameter has a critical effect 
on the maximum pressure that can be achieved and, for example, the culets used 
by Ruoff (1992), for the study of Mo at 438 GPa, were only 0.02mm (20J2m) in 
diameter. 
Although it would be desirable to use diamond anvils for high-pressure neutron 
diffraction studies, the sample size is limited by the availability of natural or 
synthetic diamonds with the necessary dimensions. The price of mono-crystalline 
diamonds suitable for anvil material, increases as the seventh power of their dimen-
sions and, even if diamonds large enough for neutron-diffraction could be mined 
or grown, their price would be prohibitively expensive (Besson et al (1992)). For 
this reason, single-crystal sapphire is often used as an anvil material in neutron 







Figure 2.22: A cross-section of the opposed anvils showing the x-ray paths for 
simultaneous diffraction (i) by the diamond (Dl) in the incident beam, and (ii) 
by the diamond (D2) in the beam diffracted by the sample. 
Apart from the increased background from Compton scattering and the x-ray ab-
sorption in the diamonds, single-crystal data can also be affected by simultaneous 
diffraction from the diamond anvils. When this occurs, the intensity of a reflection 
can be underestimated since either the incident beam, or the diffracted beam from 
the sample, can be diffracted in the diamonds, see figure 2.22. In some cases a dia-
mond reflection may also intersect the detector aperture, during a scan, and cause 
the intensity of the reflection to be overestimated. High-pressure experimental 
techniques have been developed to identify reflections affected by simultaneous 
diamond reflection, and these will be presented in section 3.2.3. 
2.3.3 Gaskets 
Although the gasket forms a critical part of the pressure chamber in a DAC, 
its preparation and its effects on the intensity data have received only limited 
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attention. Indeed, the choice of gasket material, and the gasket hole dimensions, 
play a significant part in determining the pressure a DAC can achieve and whether 
the incident or diffracted x-ray beams are shadowed. 
The gaskets are generally prepared from a metal foil approximately 250zm thick 
which are preindented between the anvils to the required thickness. A sample hole 
is then drilled into the centre of the preindented area and its diameter is chosen to 
suit the culet size (typically 1  of the culet diameter). The pressure the gasket can 
support is dependent upon the diameter of the hole, the thickness of the gasket 
and also the shear strength of the gasket material (Dunstan (1989)). Suitable 
gasket materials are hardened stainless-steel, tool-steel or alloys such as Cu-Be or 
inconel (Ni:Cr:Fe=72:16:8) (Spain and Dunstan (1989)). For single-crystal studies, 
the sample should have a diameter approximately that of the gasket hole, so that 
occlusion of sample reflections is prevented, or at least reduced. An additional 
method of reducing gasket occlusion has been proposed by Katrusiak and Nelmes 
(1986). To eliminate the shadowing of the incident or diffracted beams, they 
modified the edge of the gasket hole, furthest from the sample, so that it had 
a conical shape (figure 2.23). This simple modification allows reflections to be 
measured at a greater diffraction angle before gasket occlusion begins, although 
it is only useful up to limited pressures. 
For transmission geometry DACs, the use of a large (1x1cm 2 ) gasket, which is 
made of a highly absorbing material, shields the detector from a considerable 
fraction of the background scatter produced by the cell components. The con-
taminant scatter is then only generated on the detector side of the cell by the 
beryllium and diamond illuminated by the diffracted beam and the part of the 
incident beam passing through the gasket hole. 
The transverse geometry DAC does not benefit from the background shielding 
effect of the gasket, even when highly absorbing gasket materials are used. Indeed, 
gaskets made from materials with a low x-ray absorption are often employed to 
overcome shadowing of the incident or diffracted beams at low diffraction angles. 
Although beryllium is generally used its mechanical properties make it unsuitable 
for sustaining very high pressures, and to achieve pressures close to 10 GPa the 
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Figure 2.23: The high-pressure chamber in the Merrill-Bassett DAC. The dashed 
lines represent the limit of accessible angles. The edge of the gasket which has 
been removed in the modified version is indicated by the cross-hatched shading. 
(From Katrusiak and Nelmes (1986).) 
Schulz (1989)), severly limiting the sample size. 
2.3.4 Hydrostatic Pressure Transmitting Media 
In order to determine the structural parameters of a crystalline material accu-
rately at high pressure it is essential that the sample is contained within a hydro-
static (zero shear stress) environment. Although solids, with relatively low shear 
strength, such as AgC1 or NaCI, produce quasi hydrostatic pressures up to 10 GPa, 
the presence of an unknown magnitude of stress in the sample can cast serious 
doubt on the reliability of diffraction data, or on the interpretation of some other 
physical measurement (Piermarini et al (1973)). Therefore, to maintain hydro-
static conditions, in high-pressure sample environments, it is important that the 
pressure transmitting medium should remain a fluid. 
The most frequently used pressure transmitting fluid in a DAC is the alcohol 
mixture of methanol and ethanol, in the ratio 4:1. This mixture was found to 
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remain fluid to a glass transition located at a pressure of 10.4 GPa (Piermarini et 
al (1973)). A small addition of water, in the proportion 16:3:1 methanol-ethanol to 
H20, appears to delay the glass transition of the alcohol mixture to 14.5 GPa. For 
neutron diffraction the incoherent background scatter from the hydrogen atoms 
make alcohol based pressure transmitting fluids unfavorable. Although deuterated 
forms of ethanol and methanol can be used (Jorgenson (1978)) their cost is often 
prohibitive and fluorinated hydrocarbons, such as Fluorinert (McWhan (1975)) 
are regularly employed. However, these fluorinated hydrocarbon fluids solidify at 
much lower pressures - in the case of Fluorinert about 1.7 GPa (Sherman and 
Stadtmuller (1987)). 
More recently, the rare-gas solids have been found to be convenient pressure trans-
mitting media since they retain low shear strength even at very high pressure, and 
low temperature (Toule (1967), Bell and Mao (1977, 1981)). A convenient method 
of filling the gasket hole with the pressure medium is to cool the DAC below the 
gas liquifying temperature. The gas can then be introduced into the gasket hole, 
in the form of a liquid, and trapped there by closing the DAC remotely (for ex-
ample see Liebenberg (1979)). An alternative approach is to introduce the gas 
at high pressure (Mills et a! (1980)). This technique has the advantage that a 
density higher than that of the fluid can be achieved (He gas at 0.5 GPa is 2.3 
times more dense than liquid He) and allows higher pressures to be reached for 
less gasket deformation (Jayaraman (1983)). 
2.4 High-Pressure Diffraction Techniques 
Although apparatus has been developed to allow both x-ray and neutron structural 
studies to be performed at high pressure, there are a number of factors affecting 
the data quality which require specialised diffraction techniques to minimise, or 
to correct. These high-pressure diffraction techniques will be described in this 
section. 
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2.4.1 Optimising the Data Set 
The limited volume of reciprocal space accessible when using a pressure cell re-
duces the number of reflections that can be measured and, therefore, diminishes 
the accuracy of any high-pressure structure determination. Indeed, the reduc-
tion of measurable data is significantly worse at higher pressure since the angu-
lar access to the sample is further reduced to provide improved support for the 
stressed cell components. With the popularity of the DAC for single-crystal x-ray 
diffraction studies a number of techniques have been introduced to increase the 
volume of accessible reciprocal space. This has led to the development of the 
transverse-geometry DAC and new diffraction techniques to optimise the use of 
the transmission-geometry DACs. 
Although Merrill and Bassett (1974) calculated that, for a 20 limit of 60°, their cell 
allowed 55% of reciprocal space to be accessible, they assumed that each reflection 
was measured with the cylindrical axis of the DAC in the diffraction plane. On 
a three-circle diffractometer, which was employed in their own structural studies, 
and on four-circle diffractometers operated in the bisecting position (w=0), this 
ideal condition is violated. Consequently, the accessible volume of reciprocal space 
is considerably smaller than that predicted by Merrill and Bassett (equation 2.3). 
However, four-circle instruments allow a reflection to be measured at almost any 
angle () around its scattering vector and this property has been exploited by 
Finger and King (1978) to increase the number of observable reflections. 
In their technique, the -axis is fixed equal to zero ( or some other value defined 
by the direction of the cylindrical axis of the cell) and each reflection is brought 
into the diffraction condition by rotating around V5, with the w and x motors. By 
measuring the reflections in this way the cylindrical axis of the cell is constrained to 
lie in the diffraction plane of the diffractometer and the ideal geometry of Merrill 
and Bassett is realised. The maximum number of reflections can be observed 
in this geometry and trial calculations, performed by Finger and King (1978), 
indicate that this number is as much as 40% greater than that measured in the 
standard bisecting position. As an additional benefit, the path length of the x-rays 
through the diamonds and beryllium are reduced, leading to lower absorption and 
background scatter (see section 2.4.3). For these reasons the fixed-O procedure of 
Finger and King is widely used. 
Recently Hazen and Finger (1989) have further optimised high-pressure single-
crystal data collection by adopting the 'leverage' procedure of Prince and Nichol-
son (1985). In this procedure, the subset of reflections most influenced by the 
structural parameters of interest is collected with relatively slow scan rates. By 
improving the counting statistics of these selected reflections, the number of well 
determined reflections is increased and the precision of the refined structural pa-
rameters are improved. This technique is particularly useful where there are a 
large number of relatively weak reflections and, therefore, is suitable for crystals 
that are too small or too weakly scattering for conventional high-pressure crystal 
structure studies. The leverage procedure was implemented by Hazen and Finger 
(1989) in their high-pressure study of the mineral andradite. With conventional 
high-pressure techniques, although a complete data set with 1131 reflections was 
collected, the resulting refinement was found to give unacceptably large errors. 
However, using the leverage procedure an optimised set of only 32 reflections was 
collected, with longer scan periods, and found to give a 'dramatic' improvement 
in the quality of the refinement. 
2.4.2 Minimising the Effects of an Irregular Background 
and Parasitic Scattering 
As the incident beam of x-rays, or neutrons, passes through components of the 
pressure cell a strong and structured background is generated, which makes reli-
able measurement of the diffracted intensities extremely difficult. This has led to 
the development of a number of techniques to overcome the background effects 
and to improve the quality of high-pressure diffraction data. 
For single-crystal x-ray diffraction at ambient pressure the intensity of a reflection 
is usually recorded with an w-20 scan, where both the sample crystal and detector 
are rotated simultaneously. Although this type of scan ensures that the diffracted 
x-ray beam strikes the centre of the detector throughout the scan, if the crystal 
is mounted inside a pressure cell, the detector will sweep across the powder lines 
generated by the beryllium components and the gasket. The powder lines will 
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appear as extra peaks in the reflection profiles and, therefore, make it extremely 
difficult to integrate the intensities of the sample reflections accurately. Indeed, 
when w-20 scans have been adopted for data collection, reflections in 20 regions 
where background powder lines appear have often been removed from the struc-
tural refinement (see for example Endo et al (1989)). If, on the other hand, the 
detector is held stationary during the scan so that only the sample is rotated, this 
problem can be overcome (King (1981)). In this so called w-scan the reflections 
are scanned parallel to the powder lines and, therefore, their profiles appear on a 
relatively flat background. The w scan, however, does require a larger horizontal 
detector aperture so that all the sample intensity is recorded over the full scan 
range. Although this results in the reflections being measured on a higher back-
ground, the lower signal-to-noise ratio can be compensated for by increasing the 
counting time for each scan and, since the level of the flat background can be de-
termined accurately, the -scan method is widely used in high-pressure structural 
studies. 
The w-20 scan is essential for single-crystal neutron-diffraction studies since the 
wavelength spread for even a monochromated beam is such that the detector has 
to be moved to intercept all the radiation diffracted from the sample. Although 
some designs of pressure cells, such as that of Ahsbahs, incorporate null-matrix 
alloys immediately around the sample to eliminate most of the powder lines, the 
detection of powder lines produced by steel or aluminium cell components is in-
evitable. This is certainly the case for neutron pressure cells containing an A1 203 
pressure-vessel where a large number of powder lines are generated. When a 
standard single-detector is used, the 20 regions affected by powder lines must be 
avoided. Alternatively, the background level can be estimated by slightly offset-
ting the sample from the diffraction condition immediately after a reflection has 
been measured, and then performing an identical scan through the background. 
This allows the background profile and reflection profiles to be determined inde-
pendently of one another at almost identical diffractometer settings. 
Although it is inevitable that a subset of reflections within a data set will be af-
fected by powder lines from the pressure cell or gasket, simultaneous measurement 
of sample reflections and those produced by the diamond, or sapphire, anvils can 
be avoided. In the technique developed by Denner et at (1978), from their earlier 
work on twinned crystals (Denner et al (1977)), the orientation matrices of the 
sample, anvils and pressure calibrating crystal are determined, and for each sam-
ple reflection a test is performed to ensure that only diffracted radiation from the 
sample passes through the detector aperture. If the test indicates that the sample 
reflection will overlap with a reflection from any other crystal in the pressure cell, 
it will be omitted, or collected at a different '-angle where no overlap occurs. 
For single-crystal x-ray diffraction the number of overlapping reflections produced 
by the diamond anvils is limited since the diamond has a small lattice parame-
ter and a large number of systematic absences, making the reflections relatively 
sparse in reciprocal space. Reflections from diamond anvils are also extremely 
easy to identify due to their high intensity, and the provision of energy discrimi-
nation on the detector allows and diamond reflections, which are fairly weak 
and could be confused for sample reflections, to be rejected automatically. How-
ever, for single-crystal neutron diffraction the problems encountered with sapphire 
reflections are much more serious. Since sapphire has a larger unit cell than di-
amond, the reflections arising from the anvils in a neutron pressure cell are far 
more numerous than those from a DAC. The lack of energy discrimination on 
standard neutron single-crystal detectors can also lead to relatively weak A and 
reflections being difficult to distinguish from those of the sample and, there-
fore, make the initial determination of the sample orientation matrix extremely 
difficult. However, the recent development of a small two-dimensional position-
sensitive detector for single-crystal neutron-diffraction (Lehmann ci at (1989)) has 
eased these problems, and allowed the collection of data free from the effects of 
pressure-cell powder lines and overlapping reflections from the sapphire anvils. 
The position sensitive detector (PSD), of Lehmann ci al (1989), was originally de-
signed for single-crystal neutron-diffraction studies of crystals with relatively small 
unit cells. Although standard single-detectors are usually employed for such stud-
ies, an area-detector, or PSD, offers several advantages if the sample is twinned, 
has satellite reflections or crystallizes poorly, since the overlapping reflections are 
sampled over a three-dimensional grid in reciprocal space and the form of twin-
ning or incommensuration may be readily identified (Lehmann ci al (1989)). The 
surface of the detector has a 32x32 pixel layout and each pixel has dimensions 
of 2x2mm. Under normal sample conditions, with a typical sample to detector 
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distance of 45cm (for a diffractometer at the Institut Laue-Langevin), the dimen-
sions of a Bragg peak at the detector will be around 8mm and, therefore, it will 
cover several pixels in either direction across the detector surface. For the inten-
sity measurement of single reflections, an w-scan can be employed, as the detector 
surface is also large enough to accomodate the full horizontal motion of the Bragg 
peak. As discussed above, the use of w-scans for high-pressure structural studies 
has considerable advantages since it allows scans to be performed along parasitic 
powder lines rather than across them. As can be seen from figure 2.24a, the two-
dimensional nature of the PSD also allows the spacial separation of the powder 
lines and sample reflection recorded in the same scan. The powder lines appear as 
sheets of intensity and can be easily excluded from the intensity integration of the 
ellipsoid shaped sample reflection, unless there is a strong overlap. In the same 
manner, the number of reflections that are badly affected by sapphire reflections 
is considerably less when using a PSD, rather than -a single-detector, as can be 
seen from figure 2.24b. Indeed, since the diffracted intensities have unambiguous 
spatial separation, a comparative study conducted by Kuhs ci a! (1989) indicated 
that more than 30% of the single-detector scans suffering from sapphire reflections 
could be recovered readily using PSD data. 
An additional advantage of the PSD is the ability to determine the orientation 
angles of a reflection rapidly. In the case of a single-detector, the diffractometer 
angles 20, w, x and  4 are scanned in an iterative manner so that the intensity 
maximum of a reflection passes through the centre of the detector aperture. To 
make the reflection centring as accurate as possible the aperture is much smaller 
than that used for intensity data collection. With the PSD, on the other hand, 
only the w motor is scanned to find the maximum intensity and the remaining 
diffractometer angles are determined from the (X,Y) position of the reflection on 
the detector surface. Since a small detector aperture is not required, the full 
intensity of the sample reflection can be used and, therefore, reduce the counting 
time for the centring procedure. For high-pressure studies this is an important 
consideration since the sample size is relatively small and, consequently, the time 
spent centring reflections with a single-detector can consume an excessive fraction 
of limited experimental time. 






Figure 2.24: Three-dimensional representations of sample reflections affected by 
(a) powder lines from the pressure cell and (b) a reflection from one of the sapphire 
anvils of the Ahsbahs cell. The axes are the scan-step in Lo (frame) and the 
horizontal (X) and vertical (Y) detector axes. The reflection at the centre of both 
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Figure 2.25: The ratio of estimated standard deviation, a(l), for two sets of data 
recorded on ice VI at high-pressure, versus the strength of the reflection, expressed 
as I/a(I). SC stands for single detector, while PSD stands for the two-dimensional 
detector. (From Lehmann et al (1989).) 
cision than can be achieved with a standard single-detector. As can be seen from 
figure 2.25, which shows a comparison of single-detector and PSD data (Lehmann 
et al (1989)), the gain in precision can be as much as a factor of 2.5 for the weaker 
sample reflections. Although the scan period of the single-detector can be in-
creased to compensate for its lower precision, the number of reflections that can 
be collected in the experimental time will be reduced. Therefore, the improved 
precision that the PSD allows for weak reflections is extremely important for high-
pressure studies using small samples, and it is clear that the study of KDP at 2.9 
GPa, described in chapter 4, would have been extremely difficult without the use 
of a PSD. 
2.4.3 Absorption Correction 
If an accurate high-pressure crystal-structure refinement is to be performed, it is 
important that the measured reflection intensities are corrected for absorption in 
the components of the pressure cell. For high-pressure neutron-diffraction, the ab- 
52 
sorption of the incident and diffracted beams will be relatively small since the ma-
terials used in the construction of the pressure cell have low absorption coefficients. 
Indeed, for some designs of pressure cell, such as that of Block for single-crystal 
diffraction and that of Paureau and Vettier for angle-dispersive powder-diffraction, 
no absorption correction may be required since the absorption pathlengths of the 
incident and diffracted beams through the cell will be the same, independent of 
diffraction angle. If this is not the case, such as in the Ahsbahs cell, the path-
lengths of the incident and diffracted beams can be determined using a simple 
graphical approach, where the absorption paths for each reflection are estimated 
from an expanded drawing of the cell components (see for example figure 5.5). 
Although the pathlengths for each reflection through a pressure cell used in time-
of-flight neutron diffraction techniques may be the same, the absorption correction 
is more difficult to apply since wavelength dependent absorption coefficients must 
be taken into account. In this case, the correction is usually determined empir-
ically by monitoring the wavelength spectrum of the incident beam both before 
and after it passes through the pressure cell. Provided that the diffracted beam 
passes through a similar absorption path, the difference between the 'up-stream' 
and 'down-stream' spectra will yield the absorption correction for the pressure 
cell. 
For high-pressure x-ray diffraction techniques, absorption in the pressure cell com-
ponents can be appreciable and it is, therefore, essential to determine the absorp-
tion correction for each reflection accurately. This requirement has led to the 
development of several absorption correction techniques. The first such technique 
was introduced by Santoro et at (1968) for the correction of high-pressure single-
crystal intensity data collected on a precession camera. By applying an analytic 
absorption correction, it was found that the internal consistency of Br 2 data, 
collected at 1.0 GPa, could be improved significantly. A later absorption correc-
tion technique was developed by Denner et at (1978) for intensity data collection 
on four-circle diffractometers. In this method, which is based on the technique 
of Flack (1974) for ambient studies of highly absorbing samples or those of an 
arbitrary shape, a model is developed for the absorption of the pressure cell in 
terms of the diffractometer angles from a series of azimuthal -scans performed 
around a number of different sample reflections. Before an intensity measurement 
is performed on a sample reflection, during data collection, the model is used 
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to determine the optimum 0 value at which the absorption correction will be a 
minimum. The reflection is then collected at this optimum /' position and the 
correction for cell absorption applied. However, this technique requires consider-
able experimental time and does not necessarily allow the maximum number of 
accessible reflections to be measured. 
Another, simpler, absorption correction technique was introduced by Finger and 
King (1978) for the fixed-qb diffraction geometry.This technique, as was described 
in section 2.4.1, allows the maximum number of reflections to be accessible and 
reduces the pathlengths of both the incident and diffracted x-ray beams to a 
minimum. As can be seen from figure 2.7, the absorption correction can be pa-
rameterised in terms of the angles a, and 0d,  which the incident and diffracted 
beams subtend with the cylindrical symmetry axis of the cell. In principle, the 
absorption can be calculated analytically from a knowledge of the size, shape and 
absorption coefficients of the pressure cell components and from the angles a, and 
ad for each reflection. However, Hazen (1976) found that this approach failed to 
determine the observed absorption accurately and attributed this to uncertainties 
in the measured pathlengths and inaccuracies in the mass absorption coefficients 
of carbon and beryllium. An alternative approach was later adopted by empiri-
cally determining the absorption of the pressure cell as a function of a (Finger and 
King (1978)). This was achieved by measuring the attenuation of the direct beam 
for values of w from _450  to 45° for x equal to 00,  45° and 90°. The three scans were 
averaged, as the cell is radially symmetric, and fitted with a polynomial to allow 
the absorption to be calculated for any angle a. A reflection can be corrected 
for absorption, therefore, by assuming that each half of the pressure cell has the 
same attenuation polynomial and from a knowledge of the angles a i and ad.  If 
the fixed-q5 geometry is used, a 2 and ad are given by w and 20- respectively. The 
fixed-(k geometry also ensures that a2 and ad are minimised for each reflection 
and so reduces the absorption of the incident and diffracted beams through the 
pressure cell. 
A further absorption correction procedure involves a comparison between the in-
tegrated intensities measured for a crystal mounted in the cell, at a very low 
pressure, and the same crystal mounted in the normal fashion outside the cell 
(Hazen (1976)). The results obtained with this technique are in good agreement 
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with those obtained by measuring the attenuation of the direct beam, and the 
absorption corrections for both methods as a function of a are very similar. The 
same approach has also been adopted for transverse-geometry cells where the 
complex absorption path lengths make absorption correction by any other means 
extremely difficult (Schiferl (1977)). However, this method is likely to be less ac-
curate, when the pressure is increased, since a different fraction of the sample will 
be occluded as the highly-absorbing gasket deforms. 
2.4.4 Sample Centring 
For accurate crystal-structure determination, using single-crystal techniques, it is 
extremely important that the sample should be completely bathed in the incident 
beam of radiation to avoid intensity variations at different settings of the diffrac-
tometer. This requires the sample to be accurately centred on the diffractometer 
so that it is placed in the uniform central region of the incident beam. At ambient 
pressure, accurate centring can be achieved optically by viewing the sample, with 
a microscope, at various settings of the diffractometer circles. However, when 
the sample is mounted inside a pressure cell the centring procedure is more dif-
ficult since optical access to the sample is extremely limited. To overcome this 
difficulty for high-pressure single-crystal x-ray diffraction, King and Finger (1979) 
have generalised Hamilton's eight-position method (Hamilton (1974a)) to enable 
diffracted beam crystal centring in the non-bisecting geometry. By measuring a 
reflection's angular position at eight different diffractometer settings the deviation 
of the crystal from the centre of the diffractometer can be determined as well as the 
alignment errors of the diffractometer itself. The procedure is also useful for the 
determination of accurate unit-cell parameters since the averaged reflection angles 
are effectively corrected for the positional errors of the sample and misalignment 
of the diffractometer, an essential condition if accurate equations-of-state are to 
be measured. However, for the technique to be effective the initial crystal centring 
errors must be relatively small. This can be achieved with a DAC by alternately 
viewing the sample through opposite optical ports in the diamond backing discs 
and, provided the diamonds are optically matched, sample alignment along the 
cylindrical axis of the cell can be obtained by iteratively translating the DAC so 
that the sample remains focused for both viewing positions (King (1981)). For 
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single-crystal studies with neutron radiation it is generally not possible to perform 
the initial sample centring with optical techniques and photographic methods are 
often employed. By placing a polaroid film in the 'down-stream' section of the 
incident beam, the position of the sample, or more usually the sample environ-
ment, can be determined from shadowed regions on the film. The sample can 
then be aligned with sufficient accuracy for diffraction centring techniques to be 
used. However, since most neutron diffractometers do not allow the detector arm 
to be driven to negative 29 values the eight-position method cannot be employed 
and the centring errors must be determined from the setting angles of carefully 
selected reflections. 
For energy-dispersive x-ray powder-diffraction techniques, the pressure cell can be 
accurately positioned so that the highly collimated incident beam passes through 
the centre of the gasket hole, even at the highest pressures. Since a relatively 
small diffraction angle is used (typically 20=10 0 ), the peak locations in the pow-
der patterns are relatively insensitive to positioning errors of the sample along the 
direction of the beam and, therefore, the energy-dispersive technique is well suited 
for determining accurate compressibilities. The time-of-flight neutron powder-
diffraction technique is also relatively insensitive to centring errors, as the sample 
displacement will be much smaller than the total flight-path of the neutrons. 
Therefore, the corresponding flight-time errors will be extremely small allowing 
small changes in the unit-cell dimensions to be determined accurately. However, 
angle-dispersive neutron powder-diffraction studies require accurate alignment of 
the sample, at the centre of the diffractometer, since even a small misalignment 
will introduce a systematic error in the 20 values of the diffraction peaks. Although 
such errors will offset the measured cell dimensions from their true values, accu-
rate relative changes can be determined if the pressure can be increased without 
changing the position of the pressure cell. 
2.5 Concluding Remarks 
Over recent years, the DAC has allowed considerable improvements to be made 
in the quality of high-pressure intensity data collected using single-crystal x-ray 
56 
diffraction techniques. With the use of the techniques outlined in the preceed-
ing sections - to optimise the data set, minimise the background and parasitic 
scatter, minimise and accurately correct for absorption in the DAC components, 
and reduce the intensity variations and errors in the unit cell dimensions due to 
inaccurate crystal centring - structures can be refined in which the esd's on the 
parameters are only a factor of two or three larger than those obtained at atmo-
spheric pressure (see for example Levein et al (1980)). This quality of refinement, 
however, has been available only with the transmission-geometry cells, such as 
that of Merrill and Bassett, and, to date, very little structural work has been un-
dertaken with the transverse-geometry DACs, despite the advantages they offer of 
an increased access to reciprocal space. As was described above, this may be due 
to the difficulty in correcting for the complex absorption path lengths through 
the cell components. It would, therefore, appear that the most accurate high-
pressure structural studies using a DAC can be achieved with those adopting the 
transmission geometry. 
Although x-ray single-crystal techniques have had considerable success for crystal-
structure determination at high-pressure, powder-diffraction techniques have been 
used very rarely for full structure refinement and have been usually limited to the 
determination of unit cell and spacegroup. This is unfortunate since x-ray powder-
diffraction DACs are capable of pressures significantly higher than those used for 
single-crystal studies. Therefore, there is clearly a need for techniques to allow the 
accurate measurement of diffracted x-ray intensities from polycrystalline samples 
contained within a DAC to enable full structural refinement at very high pressure. 
Despite the significant advantages that neutron radiation allows at ambient pres-
sure for high-resolution structural studies or those requiring detailed information 
about atomic thermal motion, relatively few high-pressure single-crystal structural 
studies have been performed with neutron radiation compared with single-crystal 
x-ray diffraction. This may be partly due to the relatively low pressures that can 
be achieved and the severly limited access to reciprocal space that many neutron-
diffraction pressure cells provide. As was described in section 2.3.1, many of these 
designs allow only a single layer of reflections to be measured and, therefore, in 
order that single-crystal neutron-diffraction can realize its full potential, a more 
three-dimensional access to reciprocal space is required so that low-symmetry crys- 
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tal structures can be studied. In this respect, the neutron-diffraction version of 
the Ahsbahs cell, with its transverse geometry allowing a large volume of recip-
rocal space to be accessible, would appear to offer great advantages. Although 
restricted to an upper pressure limit of around 3 GPa, the combined use of the 
Ahsbahs cell and the position sensitive detector provides the most accurate means 
of determining crystal structures at high-pressure, using neutron-diffraction, cur-
rently available. 
For high-pressure neutron powder-diffraction, the time-of-flight technique appears 
to offer significant advantages over the angle-dispersive technique. The powder 
patterns collected with angle-dispersive techniques are often contaminated by pow-
der lines generated by the pressure cell components and problems also arise from 
centring errors which make the determination of structural changes with pressure 
extremely difficult. However, with time-of-flight techniques the 900  scattering ge-
ometry allows contaminant scatter from the pressure cell to be shielded from the 
detector and the measured powder patterns themselves are relatively insensitive 
to miscentring of the sample. Although piston-and-cylinder devices, such as those 
described in section 2.3.1, have generally been limited to pressures in the region 
of 5 GPa (McWhan et al (1974)), the use of a fixed scattering geometry also offers 
the prospect of extending the use of time-of-flight techniques to very much higher 




The previous chapter has attempted to describe the apparatus and techniques 
employed in the determination of crystal structures at high pressure and how the 
problems associated with collecting reliable diffraction data can be reduced or 
eliminated. There are, however, a number of important limitations in the out-
lined state-of-the-art techniques and these will be examined in detail here, along 
with the techniques developed by the Condensed Matter Physics Group at The 
University of Edinburgh to overcome them. Although, as was stated previously, 
the author has not been principally involved with some of this development work, 
many of the new techniques have been implemented in the high-pressure struc-
tural studies of chapters 4, 5 and 6 and are presented here both for completeness 
and to serve as a detailed description of some of the experimental procedures. 
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3.2 Single-Crystal X-ray Diffraction 
3.2.1 Introduction 
Although high-pressure single-crystal x-ray diffraction is the most widely used, and 
the most highly developed technique for high-pressure crystal-structure studies, 
the techniques described in the following two parts of this section have allowed 
the collection of diffraction data with greater accuracy than has previously been 
possible. The first part describes the application of tungsten gaskets to allow high 
quality data to be collected with AgKo radiation. In the second part, the effects 
of simultaneous diffraction from the diamond anvils on the intensity of sample 
reflections are described and a data collection procedure is presented to identify 
those reflections affected. 
3.2.2 The Use of Tungsten Gaskets and AgKo Radiation 
Although diamond and beryllium have low absorption coefficients, the relatively 
long pathlengths of the incident and diffracted beams through a DAC require 
that either MoKo =0.71A) or AgKa (A=0.56A) radiation are used, on stan-
dard laboratory sources, in preference to CuKa (A=1.54A) radiation, which is too 
highly absorbed. Of the two possible choices of radiation for high-pressure x-ray 
diffraction, AgKo would appear to offer distinct advantages. 
The shorter wavelength of AgKa radiation makes a larger fraction of the 
reciprocal lattice accessible, allowing structural information to be determined at 
higher resolution. 
The linear-absorption coefficients for AgI<c radiation are smaller than those 
for MoKa and, therefore, the effects of absorption in both the sample and the 
pressure cell will be less significant. 
However, despite these advantages, AgKa radiation has been used very rarely for 
high-pressure structure determination, and those that have been performed have 
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given significantly poorer results than equivalent studies employing MoKa x-rays. 
For example, in the study of the crystal-structure of quartz at high pressure Levien 
et al (1980) found that refinement of the 3.1 GPa data, collected with AgKa 
radiation, resulted in R values three times larger than those of similar MoKa data 
sets. There are a number of factors which may lead to this reduction in data 
quality. 
Although x-ray photons at the AgKc wavelength have a higher energy than 
those at the MoKo wavelength, all x-ray tubes are operated at similar voltage and 
current settings, irrespective of the target material, and, as a result, the intensity 
produced by a Ag-target x-ray tube is less than that for a Mo-target tube. 
The counting efficiency of scintillation detectors, used on most commercial 
diffractometers, is poorer for AgKa radiation than for MoKcr radiation. 
The atomic scattering power has a ) dependence and is therefore smaller for 
the AgKa wavelength. 
Absorption of AgKc x-rays in the gasket is less than that for MoKcE and, 
therefore, the gasket will be less efficient at shielding the detector form contam-
inant background produced by illuminated pressure cell components (see section 
2.3.3). 
The combination of these effects is to reduce the signal-to-noise ratio for reflections 
measured with AgKa radiation, making the measurement of accurate integrated 
intensities extremely difficult. Although the scan period can be increased to partly 
compensate for the poorer counting statistics, a reduction in the data quality is 
inevitable. However, with the advantages that the use of a shorter wavelength 
offers and the development of single-crystal diffraction techniques on synchrotron 
sources, which provide both high intensity at short wavelengths and the possibility 
of achieving higher pressures by reducing the sample size, it is important that a 
means is found of improving the quality of diffraction data collected with relatively 
short x-ray wavelengths. 
When AgKc radiation is used the degradation of data quality is due to both a 
decrease in the signal, despite the reduction in DAC and sample absorption, and 
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an increase in the noise from the augmented background. Although it is not possi-
ble to significantly increase the signal using standard laboratory-based equipment 
(both sealed tubes and rotating-anode sources require lower currents when oper-
ating with targets made from Ag rather than Mo), the noise can be diminished 
if the enhanced transmission through the gasket material can be reduced. This is 
particularly important at higher pressure since the gasket material between the 
diamonds will get thinner, leading to greater transmission of the primary beam 
through the gasket and an increase in the background by the illuminated cell 
components. 
As was explained in section 2.3.3, typical gasket materials used for high-pressure 
x-ray diffraction are Inconel, a nickel alloy, and forms of hardened steel which 
have linear absorption coefficients of 320cm' (Macavei and Schulz (1990)) and 
303cm 1  respectively for MoKc radiation and significantly lower values of 164cm' 
and 155cm' respectively for AgKa radiation. Since the transmission of a material 
is determined by e' 2 , where p is the absorption coefficient and x is the pathlength, 
the transmission of a 100pm gasket, composed of either Inconel or Steel, will be 
increased from approximately 4.5% to around 20% if the radiation is changed 
from MoKa to AgKo, corresponding to a reduction by about a factor of 4 in the 
absorption for both materials. In this respect it is extremely important that a 
highly absorbing material is used for-AgKce wavelengths. 
The linear absorption coefficient of tungsten is 1913cm' for MoKa radiation and 
1023cm' for AgKa radiation giving an absorption for a 100pm thickness which 
is approximately 8,000,000 times and 5,000 times greater than Inconel for the 
MoKa and AgKa wavelengths respectively. Clearly then, the significantly higher 
absorption offered by tungsten gaskets would appear to allow a large reduction 
of the background generated by illuminated components of the pressure cell. In 
order to test this effect, Dr M.I. McMahon and Dr J.S Loveday, of this department, 
measured the background produced by a Merrill-Bassett DAC with a series of 29 
scans using two different gasket materials, inconel and tungsten, and using MoKc 
and AgKa radiation. 
An inconel gasket, 250pm thick and with a 250pm sample hole, was mounted, 
on one platen of a Merrill-Bassett pressure cell and carefully positioned so that 
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the sample hole was centered on the culet face. The platen was then mounted 
on a CAD4 diffractometer, wU.k the beryllium backing plate and diamond anvil 
on the detector side of the gasket. After centering the gasket hole in the MoK 
x-ray beam (graphite monochromator), a series of long 20 scans were performed 
through the powder pattern generated by the illuminated beryllium. The platen 
was removed from the diffractometer and a second platen mounted, which con-
tained a similar, although not identical, gasket made of tungsten. Another series 
of long 20 scans were performed to measure the powder pattern generated when 
using this gasket. The x-ray tube was then replaced with a tube containing a 
Ag-target and the measurements repeated for both gasket materials. 
Although it was attempted to measure the background generated by the two dif-
ferent gaskets under almost identical experimental conditions, in practice it was 
found extremely difficult to produce gaskets with the same dimensions. Since dif-
ferent pressure cell platens were also used it is not possible to compare the results 
obtained with different gaskets directly. However, identical experimental condi-
tions were maintaned for the study of the same gasket at different wavelengths 
and a direct comparison of changing the wavelength for each gasket can be made. 
The results of this study are shown in figures 3.la and 3.1b, which compare the 
powder patterns measured with MoKo and AgKa radiation for both gasket mate-
rials. As can be seen from figure 3.1a, which shows the powder patterns collected 
with the Inconel gasket, although the Ag-target tube has a lower intensity and the 
efficiency of the detector is poorer, the intensity of the beryllium powder lines and 
the general level of the background is significantly higher when AgKa radiation is 
used. This pronounced increase in the structured background combined with the 
reduced intensity of the sample reflections would appear to explain the poor data 
quality obtained with AgKa radiation. However, upon examination of figure 3.1b, 
which shows the powder patterns collected with the tungsten gasket, it is clear 
that the intensities of the powder patterns measured with the different wavelengths 
are very similar and, although the background obtained with AgKa radiation is 
slightly higher, the tungsten gasket has effectively reduced the background level 
of the AgKc radiation to the same level as that of MoKc. 
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Figure 3.1: A 29-scan through the powder pattern produced by the incident beam 
passing through the beryllium components of half a Merrill-Bassett DAC for (a) an 
Inconel gasket using MoKa (0) and AgK (x) radiation, and (b) for a tungsten 
gasket using MoKa (0) and AgKa (x) radiation. The peaks labelled 1 and 2 in 
(a) and (b) are from the same group of reflections but are shifted in 29 due to the 
different wavelengths. 
64 
tion of the background generated by AgKa radiation, a number of important con-
siderations have not been investigated. For example, quantitative measurements 
are required to compare the background intensities for gaskets of identical dimen-
sions prepared from Inconel and tungsten, and to determine the dependence of the 
background intensity with gasket thickness and sample hole diameter. However, 
it is clear that the background intensity is significantly reduced by using tungsten 
as gasket material, particularly for AgKo radiation, and, for this reason, tung-
sten gaskets have been used in the structural studies of KTiOPO 4 and cr-boron in 
chapters 4 and 6 respectively. 
3.2.3 Simultaneous Diffraction by the Diamond Anvils 
Although, as described in section 2.4.2, procedures have been developed to avoid 
the simultaneous measurement of sample and diamond anvil reflections, by en-
suring that only diffracted radiation from the sample passes through the detector 
aperture, a phenomenon that has not previously been considered is the removal 
of intensity from either the incident or diffracted beams of the sample reflection 
by diffraction in the diamond anvils. In the following study (which has been de-
scribed in more detail elsewhere (Loveday et at (1990)), it is demonstrated that 
this 'simultaneous diffraction' process can produce a remarkably large effect on 
the accuracy of the intensity measurements. 
As can be seen from figure 3.2, there are two possible types of simultaneous diffrac-
tion process. In the first, a fraction of the incident beam is diffracted by the 
diamond-anvil between the sample and the x-ray source, reducing the intensity of 
the beam before it reaches the sample (the incident-beam event). In the second 
process, a fraction of the intensity diffracted by the sample is further diffracted 
by the diamond-anvil between the sample and the detector (the diffracted-beam 
event), reducing the intensity of the radiation reaching the detector. 
Preliminary evidence for such simultaneous diffraction effects was established from 
variations in sample reflection intensity measurements as the reflection was rotated 
about its scattering vector (a -scan), for a crystal contained within a DAC. These 
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Figure 3.2: A cross-section of the Merrill-Bassett DAC illustrating the x-ray paths 
for simultaneous diffraction (i) by the diamond (Dl) for the incident beam, and 
(ii) by the diamond (D2) for the beam diffracted by the sample. 
a Merrill-Bassett DAC, using a CAD4 diffractometer and MoKa radiation. Figure 
3.3 illustrates the integrated intensity of the (2 0 0) reflection measured using w-29 
scans performed at successive steps of 0.10  in ti'.  In addition to the broad peak 
due to the variation of of the DAC and sample absorption with 0, the intensity of 
the (2 0 0) reflection also exhibits several sharp 'dips', of up to 50%, which were 
attributed to simultaneous diffraction events in the diamond anvils. However, the 
magnitude of the dips was difficult to explain since the initial studies with single 
diamond anvils had shown that the maximum intensity scattered was only 1% of 
the direct beam. 
To be confident that these dips were due to simultaneous diffraction in the dia-
mond anvils it was necessary to investigate whether the diamonds in the loaded 
DAC (at a relatively low pressure of 0.25 GPa) reflected a significant fraction of 
the incident beam. The CAD4 detector was set to monitor the suitably attenu-
ated direct beam and intensity measurements were made as the diamond on the 
detector side of the DAC was driven by the w-motor through its (2 2 0) reflection. 
As can be seen from figure 3.4, even with the fairly modest applied pressure of 0.25 
GPa the effective scattering power of the diamond has increased, causing a 10% 
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Figure 3.3: The integrated intensity, I NT,  versus t/, for the (2 0 0) reflection of 
a KMnF3  sample under pressure in a Merrill-Bassett diamond-anvil cell (DAC). 
lINT is the total integrated counts at each point, divided by 100. 
detector to measure the intensity of the (2 2 0) reflection itself, and is shown as 
the circular symbols on the dashed line in figure 3.4. There is a clear correspon-
dence in both intensity and w-position between the dip in the direct beam and the 
diamond reflection. The same techniques was then used to monitor the scattering 
power (the percentage of the direct beam scattered) for several classes of diamond 
reflections under the same conditions. It was found that only the five strongest 
classes had a significant effect on the primary beam - the (111) class by 20-30%, 
the (2 2 0) class by 10-15%, the (3 11) class by approximately 7%, and the (4 4 
0) and (4 0 0) classes by about 4%. 
Since it had been shown that the diamond anvils are capable of diffracting a sig-
nificant fraction of the primary beam, it was necessary to determine whether this 
was responsible for all the dips in a -scan. The orientation matrices of the sample 
and the diamonds were used to predict the /' value at which significant incident-
and diffracted-beam events, involving the five strongest classes of diamond reflec-
tions listed above, would occur. Figure 3.5 shows a section of the t4' scan for the 
KMnF3  (11 0) reflection and the the vertical lines below the scan mark the posi-
tions of simultaneous diffraction events, predicted using a program written by Dr 
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Figure 3.4: An w scan through a (2 2 0) diamond reflection from a DAC under 
pressure (0) setting w=O at peak, and the intensity of the primary beam (x) 
measured for each step through the reflection. The sum of the primary beam 
intensity (I i,) and the intensity in the reflection (IR)  is also shown (0). I, and JR 
are the recorded counts at each point, divided by 10. 
are represented by the lengths of the vertical lines. As can be seen from figure 3.5, 
there is a good general agreement between the observed dips and the predicted 
events, in terms of both position and relative magnitude. The small discrepancies 
of up to 2-3° in 1' between calculated and observed positions are due to errors 
in the orientation matrices of the diamonds, since an orientation matrix can only 
calculate the diffraction angles accurately if the crystal is well centered on the 
diffractometer - a condition not satisfied by either diamond anvil. 
As a final confirmation, tests were performed to directly relate the observed dips 
in the 0-scans and simultaneous diffraction events. In the case of the incident-
beam events, the direct-beam intensity was monitored as the sample Li-scan passed 
through a dip. For all cases studied, the direct-beam intensity exhibited a reduc-
tion in magnitude consistent with the class of diamond reflection predicted to be 
involved and, furthermore, the magnitude of the dip in the measured sample re-
flection was simply the percentage reduction of the primary beam intensity. The 
diffracted-beam events were measured with a second detector, placed out of the 









Figure 3.5: The integrated intensity, lINT, versus tP for the (11 0) KMnF 3 reflec-
tion, at a pressure of 0.25 GPa. The vertical marks show the predicted positions of 
the incident-beam events (labelled A) and diffracted-beam events (B). The lengths 
of the marks represent the relative scattering powers of the diamond reflections, 
as given in the text - the longest for (11 1)-type reflections, the next for (2 2 0), 
the next for (3 11) and the shortest for both (4 0 0) and (4 4 0). 
cept the diffracted beam from the diamond with the CAD4 detector. Figure 3.6 
shows a diffracted-beam event due to the diamond (2 2 0) reflection, successfully 
recorded at the predicted position of the detector and the dip in intensity of the 
sample reflection (recorded with the same detector to ensure the intensities were 
on the same scale) is also shown. Although there is a slight offset due to the uncer-
tainty of the diffractometer setting (0.1° in tI.')  and a small difference in magnitude 
due to the differences in absorption for the diamond and sample reflections, there 
is a good correspondence between the dip in the sample reflection intensity and 
diamond reflection in terms of both magnitude and 4' value. 
Since there was a pronounced difference In scattering power between an unstressed 
diamond and the diamonds in a DAC at low pressure (this effect attributed to an 
increase in their mosaic width), the measurements were repeated with the cell at 
3.0 GPa and ambient pressure. To look for evidence of wavelength dependence 
measurements were also performed with AgKa radiation as well as MoKcr radia-
tion. The results confirmed that the diamonds had a very small scattering power 
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Figure 3.6: The peak intensity of a (2 0 0) KMnF 3 sample reflection, I, and the 
peak intensity of a diffracted beam event involving a (2 2 0) diamond reflection, 
ID, as a function of 1' at a pressure of 0.25 GPa. Is  and ID were measured with 
the same detector and have been put a common scale normalised to 1.00 at the 
maximum sample intensity. A typical error bar is shown for one of the points. 
at ambient pressure and showed that the increased scattering power at 0.25 GPa 
was the same as that at 3.0 GPa. Therefore, the dramatic effect of pressure on 
the scattering power is achieved in the first 0.1 or 0.2 GPa of applied load and 
is not increased significantly at higher pressures. The scattering power was also 
found to be unaffected by wavelength, and since the same five classes of reflections 
were found to give significant diffraction events, the overall density of dips is not 
affected either. 
Although it had been demonstrated that simultaneous diffraction can have a large 
effect on the measured intensity of a sample reflection, the number of reflections 
affected in a data set at the0-value, 5m at which they are measured (usually 
determined by the fixed- technique, see section 2.4.1) had not been determined. 
This was investigated by developing a simple data-collection strategy to avoid 
simultaneous diffraction. A full data set was collected on the CAD4 diffractometer 
measuring each reflection at three values of ,& at 0.5° intervals from 0M. This 
three-point 0-scan provided a method of detecting those reflections affected by 






integrated intensity reduced by more than two standard deviations from their 
initial measuring position, in a data set collected to a of 3%. A similar result 
may be expected for any sample, irrespective of unit-cell dimensions, since the 
unit-cell dimensions of diamond determine the average separation of the dips as a 
function of &. 
The points at which dips appear in a &-scan appear to be almost randomly dis-
tributed and so the consequence of ignoring simultaneous diffraction effects maybe 
to simply reduce the precision of a structural refinement. However, due to the 
larger angular separation of Ku 1 and Ku2 components of a sample reflection at 
high 20, which prevents them both being diffracted by the same strong (and thus, 
low-20) diamond reflection, it is to be expected that the higher angle sample 
reflections will be less affected. Therefore, since the average magnitude of the 
dips decrease with increasing 20, the thermal parameters of the sample will be 
underestimated. 
It is extremely important that the simple three-point -scan procedure is adopted 
if reliable intensity data is to be collected, and, for this reason, it has been used in 
the structural studies of KTiOPO 4 and u-boron in chapters 4 and 6 respectively. 
3.3 X-ray Powder-Diffraction 
3.3.1 Introduction 
As was discussed earlier in section 2.3.1, the very small sample volume offered 
by a DAC, often in the order of 100pm in diameter and 50pm thick, results in 
both a weak signal and a poor powder average and, therefore, prevents accurate 
crystal structure refinement of high-pressure x-ray diffraction data collected from 
polycrystalline samples. Although energy-dispersive x-ray diffraction studies have 
been performed on polycrystalline samples at pressures in excess of 100 GPa for 
many years and has overcome the problem of low signal by bathing the sample 
in intense polychromatic synchrotron radiation, the high degree of collimation 
required between the sample and detector enhances the problems of poor orienta- 
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tional averaging of the crystallites, giving peak intensities that are not generally 
reliable enough to refine accurate crystal structures. However, very recently, both 
of these problems have been overcome using a new type of area detector, an imag-
ing plate (IP), which has allowed angle-dispersive powder-diffraction techniques 
to be employed for the determination of the crystal-structure of Br2 to 80 GPa, 
from pioneering work at the Photon Factory (Fujii et al (1989)). Such a detector, 
whose dynamic range of io-iO is two orders of magnitude better than that of 
film and intrinsic noise level is some 300 times less than the intrinsic fog of x-ray 
film, is ideally suited to angle-dispersive techniques and can be used to intercept a 
substantial proportion of the Debye-Scherrer rings; subsequent integration around 
the powder rings greatly increases the signal and improves the powder averaging. 
The integration process also greatly improves the signal-to-noise ratio. 
For the past year the Condensed Matter Physics Group of The University of Ed-
inburgh has been developing an IP system at the Synchrotron Radiation Source 
(SRS), Daresbury, UK, with the objective of performing full Rietveld refinement 
of crystal structures at high pressure. Such techniques require high-quality data 
free from contaminant powder rings and spurious diffraction spots, and that have 
a high signal-to-noise ratio with well defined peak shapes. To this end, great 
emphasis has been placed on obtaining diffraction patterns of the highest quality 
that are free from background scatter and contamination, and to develop an in-
tegration procedure for processing the data. The following sections describe the 
development of the Edinburgh-Daresbury IP system and the author's involvement 
in developing a revised alignment technique. 
3.3.2 The Imaging Plate System 
The IP system, which is shown schematically in figure 3.7, has been developed 
for use on station 9.1, which is situated 15m from the 5 Tesla superconducting 
wiggler at the SRS Daresbury. A water-cooled channel-cut Si( 111) monochroma-
tor is used to select the required wavelength from the wiggler magnet spectrum 
and the monochromatic beam is reduced to the dimensions of 0.5x0.5mm 2 by 
tungsten-carbide slits. As the background produced by the monochromator vessel 
is significant, the beam passes through a Pb shield which prevents stray radiation 
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Figure 3.7: A schematic diagram of the beam line setup at the SRS. The inci-
dent white beam is monochromated before being collimated by a slit and pinhole 
system. A Pb shield placed between the pinhole and the pressure cell removes 
the .\ and powder lines from the pinhole material. The collimated beam passes 
through a hole in this shield before striking the sample in the DAC. The clean 
diffraction from the sample is then intercepted by the IP. 
being detected by the image plate. To remove scatter and fluorescence induced by 
the incident beam itself, further Pb shielding completely encloses the monochro-
matic beam until it is finally collimated to a circular cross-section of 50-100pm 
in diameter by a pinhole mounted on the end of a tungsten-carbide tube. This 
pinhole assembly is mounted on a motorized XYZ stage to allow the pinhole to 
be accurately positioned in the centre of the monochromatic beam. 
The pinholes, which can be readily interchanged for different beam diameters with 
the minimum of realignment, are constructed from a sheet of 300pm of platinum 
bonded to a 250pm sheet of tungsten. Platinum offers a number of advantages 
as a pinhole material: it is strongly absorbent of x-rays due to its high atomic 
number and high density; it is relatively easy to drill small, accurately circular 
holes through; and, fortuitously, as the platinum K-absorption edge is at 0.15817A, 
for wavelengths shorter than 0.4745A the harmonic from the monochromator is 
greatly attenuated. The latter feature is particularly important as contaminant 
powder lines would otherwise result from illumination of the pressure cell gasket by 
the 0.5x0.5mm2  sheath of A radiation surrounding the collimated incident beam. 
Although the incident beam also contains a A component, parasitic scatter from 
this harmonic is considerably weaker than that from due to both the A 3 term in 
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the scattering power and the reduced flux of the wavelength in the white beam. 
For wavelengths longer than 0.4745A other materials, such as W, Ir, Re and Os, 
can be used in much the same manner, although it is considerably more difficult to 
drill holes of a suitable diameter through these materials. The layer of tungsten, 
which is bonded to the platinum pinhole, has a spark eroded hole approximately 
300pm in diameter and is used to restrict the dimensions of any remaining 
sheath surrounding the collimated beam without introducing additional alignment 
difficulties. 
Although the pinhole prevents contaminant powder lines being produced by the 
gasket material, illuminated by stray A radiation, illumination of the pinhole edges 
by the incident beam generates both a A and powder pattern from the platinum. 
This is a serious problem when DACs with large x-ray transparent beryllium 
windows are used, since the platinum powder pattern will easily penetrate the cell 
and contaminate the sample powder pattern recorded on the IP. To overcome this 
problem, a 5mm thick lead shield is placed immediately in front of the pressure 
cell and a small (approximately 1mm) hole drilled through it allows the collimated 
beam to bathe the sample while the shield is far enough away (approximately 
30mm) from the pinhole to allow the diffracted beams from the platinum to diverge 
sufficiently to be intercepted. 
The plates are mounted on the beam line in a light-tight holder which can be tilted 
or rotated with respect to the incident beam. A Pb beam stop is secured to the 
front of the holder, which is thin enough to allow a small fraction of the incident 
beam to penetrate so that the powder pattern centre can be determined accurately 
for subsequent integration, and is mounted close enough to the IP surface to avoid 
contaminant Pb powder lines. 
Finally, as the general background in the station hutch is significant, principally 
due to fluorescence induced by hard radiation escaping from the monochromator 
vessel, great care has to be taken to ensure that the IP is shielded from all sources 
of background scatter in the beam line environment. This is achieved by enclosing 
the entire beam line assembly, from the initial Pb shielding at the monochroma-
tor housing to the image plate, in a steel frame draped with Pb-loaded rubber 
sheeting. 
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The image plate itself consists of a Kodak Storage Phosphor Screen (BaFBr:Eu 
phosphors) bonded onto a flat aluminium backing plate. X-ray photons incident on 
the image plate create trapped electron states (colour centers) which are stabilised 
by the Br vacancies. The image plate is highly sensitive to the short wavelengths 
(in the order of 0.7A) that are necessary to penetrate the pressure cell; for a 
phosphor coat 150itm thick, the x-ray absorption is 100% for wavelengths greater 
than iA and is still 70% for a wavelength of 0.5A. After exposure, the plate is 
placed in a Molecular Dynamics 400A Phosphor Imager for reading. An He-Ne 
laser is used to stimulate the phosphor with the emitted light (caused by the decay 
of the colour centers) being collected by a fibre-optic bundle and detected with 
a photomultiplier tube. The amplified and digitally encoded signal is stored on 
a microcomputer, that also controls the translational motion of the image plate 
and the galvanometer mirror which rasters the laser beam across the plate. The 
reading of a standard 250x200mm image plate takes 9 minutes and creates an 
11-Mbyte data file consisting of approximately 2800x2000 pixels each of 88x86.zm 
in size. The resolution of the reader is determined by the point spread function of 
the laser beam on the surface of the IP and results in peak widths (full width half 
maximum) for NBS standard samples (Si, A1 203 and Ce0 2 ) of 5-7 pixels, a figure 
well suited to the Rietveld refinement method. As the half-width of the powder 
lines, in terms of pixels, is ultimately determined by the reader itself, rather than 
the divergence of the incident beam, the peakwidth remains relatively constant 
for different distances between the sample and the plate. Therefore, the angular 
resolution of the patterns can be increased by simply increasing the sample to 
image plate distance, providing an effective means of separating closely spaced 
groups of reflections into well resolved individual peaks. The sample to plate 
distance can be varied from 150 to 800mm, although a distance of 250mm proves 
satisfactory for most experiments. 
In order to determine the sample to plate distance accurately, for subsequent 
conversion of the digitized image into a standard 1-dimensional powder pattern 
expressed in terms of 20, the following procedure has been adopted. During an 
experimental run, a powder pattern is collected at the standard sample to plate 
distance of around 250mm so that as much of the powder pattern as possible is 
intercepted, and a second exposure is taken at a longer sample to plate distance 
in order to maximize the angular resolution, as described above. Using a 20pm 
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thick nickel foil as a calibrant, a nickel powder pattern is collected at both plate 
positions which can be used to determine the foil to plate distance in each case, 
from a knowledge of the nickel lattice parameter, and hence the difference, z, in 
the sample to plate distances. As the same sample powder pattern is collected at 
each of the two plate positions, the sample to plate distance can be calculated in 
both cases knowing only the distance A and the dimensions of the pixels on the 
integrated images. Provided that the sample to plate distance is the same in all 
instances, other exposures of the sample, taken at different pressures, can also be 
calibrated. 
In order to benefit from the 2-dimensional nature of the image plate, the DACs 
that have been used exclusively to date are those designed for single-crystal diffrac-
tion, which offer a large angular access to the sample. For low pressure studies (6 
CPa) Merrill-Bassett DACs have been used which contain a relatively large sample 
volume and allow data to be collected to a maximum 20 angle of approximately 
40°. To extend the pressure range to 25 GPa, an Adams cell (the DXR-4 cell de-
scribed in section 2.3.1) has been employed which also has a conical aperture and 
which permits reflections with a maximum 20 angle of 50° to be observed. The 
full conical aperture of these cell designs, as opposed to the slit aperture of many 
ultrahigh pressure powder-diffraction DACs, allow the entire Debye-Scherrer ring 
pattern to be observed. This feature not only allows integration around the full 
powder ring, resulting in a superior powder average and improved signal-to-noise, 
but also permits the 2-dimensional nature of the image plate to be used to its full 
advantage. For example, the ability to observe a large portion of the complete 
powder pattern can also aid the interpretation of the data, as can be seen from 
figure 3.8 which shows a section of the diffraction pattern of InSb at 3 GPa. On 
close inspection it can be observed that the pattern is composed of two distinct 
types of powder ring, one characterised by spots from relatively large sample crys-
tallites, and the other by relatively smooth lines. This behaviour indicates that 
the sample is a mixture of two phases. Assigning the powder lines to each of 
these phases has allowed the successful unit cell indexing of both structures in a 
relatively straightforward manner, a task that would have been very much harder, 
if not impossible, without the full 2-dimensional image. 
The 2-dimensional image of the powder pattern also allows contaminant features of 
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Figure 3.8: Part of the diffraction pattern obtained from InSb at approximately 
3 CPa showing the distinct smooth and spotty nature of the different diffraction 
rings. 
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the pressure cell components to be easily identified. As can be seen from figure 3.9, 
the characteristic preferred-orientation of the metal gasket is very obvious in the 
low-angle powder-line and can, therefore, be excluded from Reitv eld refinement 
of the data or, as will be explained in the following section, can be removed from 
the powder pattern integration altogether. 
3.3.3 Integration of the Image-Plate Data 
In order to benefit from the improved powder averaging and the large gain in the 
signal-to-noise ratio that the integration around the Debye-Sherrer rings allow, 
it is important that the integration procedure is extremely accurate so that the 
peaks are not broadened and a systematic error is not introduced into the 20 
determination. Previous methods of integrating 2-dimensional area detector data 
have attempted to avoid these problems by determining the pattern centre, and 
any tilts of the detector relative to the beam, from the position of maximum 
intensity of each Debye-Sherrer ring on the detector surface before integration 
proceeds (Meade and Jeanloz (1990), Shimomura el al (1990)). However, the 
application of such methods to high-pressure powder-diffraction is quite difficult, 
due to the structured background generated by the DAC and the poor quality of 
the powder pattern. As an alternative, a more general integration algorithm has 
been developed for the Edinburgh-Daresbury IP system which refines the pattern 
centre and plate tilts as part of the integration process. Before the data can 
be integrated, an approximate position for the pattern centre is required and, in 
most cases, can be determined from the point on the IP surface illuminated by 
the fraction of the direct beam penetrating the beam-stop. The 2-dimensional 
image of the diffraction pattern is then partitioned into 160 sectors around this 
initial pattern centre and the pixels within each sector are rehinned in terms 
of the distance in pixels from the centre point, thus creating 160 conventional 
1-dimensional powder patterns. By refining the diffraction pattern centre and 
the plate tilts, all 160 patterns can be aligned with respect to each other - 
a condition in which the sum of the sectors (the integrated pattern) is defined 
as being maximally sharp. From a knowledge of the sample-to-plate distance, 
determined using the method described above, the rebinned and sharpened powder 
pattern can then be calibrated in terms of 20. 
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Figure 3.9: Part of the diffraction pattern of InSb at approximately 8 GPa showing 
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Figure 3.10: The fully integrated profile of the InSb pattern shown in figure 3.8 
All distinction between the smooth and spotty phases is lost in the integrated 
profile. 
This integration routine has been tested rigorously and has shown itself to be very 
robust, even when the starting values for the plate tilts and pattern centre are 
offset significantly from their true values (such as an error of ±10° in the tilts and 
50 pixels in the pattern centre). As can be seen from figure 3.10, which shows the 
integrated profile of the mixed-phase pattern of figure 3.8, the integration algo-
rithm copes easily with the spotty nature of the pattern while the final integrated 
profile gives relative intensities that can be refined for both coexisting structures 
despite the very high intensity of some of the spots. It should be noted that it 
is no longer possible to distinguish between the spotty and smooth lines in the 
integrated profile and, as was described above, the assignment of powder lines to 
each of the phases would have been much more difficult without reference to the 
full 2-dimensional image.. 
One of the main advantages of the integration process is the significant improve-
ment that can be obtained in the signal-to-noise ratio and in the signal itself. In-
deed, it is these improvements that make the use of the angle-dispersive technique 
for high-pressure powder-diffraction, with its relatively low count rates, feasible 
at all. The improvement in the signal-to-noise ratio is illustrated in figure 3.11, 
which shows the effect on a section of a B 4 C pattern when the integration range is 
increased from a width of 200 pixels (the typical integration width available with 
a slot aperture cell), and then to a full integration over the entire image (a width 
of approximately 4500 pixels). A comparison of the integrated profiles with the 
simulation indicates that many of the weak B 4 C powder lines are only visible when 
the full integration range is used. The use of a full conical aperture DAC ensures 
that the full Debye-Sherrer ring pattern can be intercepted and that the number 
of pixels included in the integration increases in proportion to 20 (although for a 
large sample-to-plate distance this may not be the case as the rectangular shape 
of the plate will not cover the full range of the high-angle powder lines). This pro-
nounced increase in the integration range, and the accompanying improvement in 
the signal-to-noise ratio, is in contrast to the use of a slot-aperture DAC where 
a smaller and smaller proportion of the diffraction rings can be integrated as 20 
increases. 
Although the integration procedure effectively averages the intensity of any spuri-
ous diffraction features, such as ) and diamond reflections, into the background, 
the potential of the image plate system for measuring extremely weak sample lines 
make it highly desirable that any residual intensity is removed from the integrated 
profile. To facilitate this, the integration software allows those pixels affected by 
contaminant diffraction to be removed from the image prior to integration. How-
ever, this procedure is less effective for extended features, such as contaminant 
powder lines from the gasket, as a relatively large number of pixels at the same 
20 will be affected and, due to the restricted integration range, a discontinuity 
will be produced in the background of the integrated profile. Since contamination 
from gasket powder lines has been found- to be a common occurrence, a revised 
technique for aligning the DAC, and thus the sample, relative to the incident beam 
has been developed so that the gasket is no longer accidently illuminated. 
3.3.4 A Revised Alignment Technique 
Until fairly recently, the method developed at the Photon Factory has been em-
ployed on the Edinburgh-Daresbury IP system to align the sample in the beam. 
In this method, a high-power (x40 to x80) telescope, placed between the pres-
sure cell and the image plate, is focused on the sample. The pressure cell is then 
Figure 3.11: An integration of the image obtained from a mixture of a B4 C sample 
and an NaCl pressure calibrant (see section 6.2.2). The inset illustrates the im-
provement in the signal to noise ratio for the the mid-angle region of the pattern 
as the integration range is increased from (c) 200 pixels to (a) a full integration 
and the profile labelled (b) is from a calculation. The peaks labelled with a * are 
from the NaCl pressure calibrant. 
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replaced with an aluminium block holding a sheet of x-ray sensitive paper which 
is carefully positioned along the direction of the beam so that the surface of the 
paper is in focus when viewed through the telescope. After exposing the paper 
to the collimated beam for approximately one minute, the telescope is translated 
so that the graticule crosswires are accurately centered on the circular mark cre-
ated by the beam. Without adjusting the telescope focus, the paper holder is 
then removed and replaced with the pressure cell which is translated manually 
(perpendicular to the beam) so that the sample appears to be centered on the 
crosswires of the telescope graticule. 
Although the majority of powder patterns collected with this technique are free of 
spurious diffraction features from the pressure cell, an unacceptably large propor-
tion of patterns have been found to be affected by contaminant gasket lines. As 
can be seen from figure 3.12, such features can often have intensities comparable 
to those of the strongest sample powder lines and can make analysis of the data 
extremely difficult, if not impossible. Since the incident beam is collimated to a 
diameter smaller than that of the gasket hole, the accidental illumination must 
be due to alignment errors of the sample with respect to the beam. There are 
two possible sources of such errors and both are related to observing the sample 
through a diamond window, which has a very high refractive index. 
In the first, which is illustrated in figure 3.13, the optical axis of the telescope 
is aligned so that it is accurately perpendicular to the lower face (table) of the 
diamond anvil but is misaligned with respect to the incident beam. Under these 
circumstances, although the sample may appear to be placed so that its centre 
coincides with that of the circular mark on the paper, the true position of the 
sample is significantly further along the optic axis, due to the optical path through 
the diamond, and, since the optic axis of the telescope is not aligned with the x-
ray beam, the centre of the beam will not pass through the centre of the sample. 
The sample displacement (d) along the optic axis of the telescope is given by 
d=t(1---) 	 (3.5) 
nd 
where t and nd are the thickness and refractive index of the diamond respectively. 
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Figure 3.13: A schematic diagram illustrating how the incident beam can be made 
to accidentally strike the gasket when both the telescope and diamond anvils are 
misaligned with respect to the incident beam but are aligned with one another. 
For a typical diamond thickness of 2 mm, with d=2•4, this displacement will be 
1.2 mm. The shift of the sample in a direction perpendicular to the x-ray beam 
is simply dsinO (where 0 is the angle between the beam and the optic axis of the 
telescope) and, therefore, for a beam of 75 pm in diameter to pass cleanly through 
a 100 pm gasket hole the optic axis of the telescope must be aligned to within 
0.57° with respect to the direct beam. 
The second source of error, illustrated in figure 3.14, can occur when the optic 
axis of the telescope is parallel to the direct beam but is no longer perpendicular 
to the lower face of the diamond. In this situation the misalignment is due to the 
apparent shift 8 of the sample, in a direction perpendicular to the optic axis of 
the telescope, given by 
1 sin 2 0 
)2) 	 (3.6) S = tsin0(1 - 	- sin 
where 0 is the angle between the diamond face normal and the optic axis of the 
telescope, and t and fld  are the thickness and refractive index of the diamond 
respectively. For 0-.+0, and from equation 3.1, this can be simplified to 
Figure 3.14: A schematic diagram illustrating how the incident beam can be made 
to accidentally strike the gasket when both the diamond anvils are misaligned with 
respect to the incident beam but the optic axis of the telescope is aligned parallel 
to the incident beam. 
(3.7) 
nd 
giving essentially the same result as that obtained for the first alignment error. 
Again, for a typical diamond thickness of 2 mm, and a typical gasket and beam 
diameters of 100 pm and 75 pm respectively, the normal to the face of the diamond 
must be aligned to within 0.01 radians, or 0.57 0,  with respect to the optic axis of 
the telescope, so that the gasket is not illuminated. 
For the beam line set up that has previously been used, illustrated in figure 3.7, 
there is no means of adjusting, or checking, the angular alignment of either the 
telescope or pressure cell with respect to the collimated x-ray beam, or with respect 
to each other, and, therefore, it is to be expected that the sample alignment errors 
will be due to a combination of the two effects described above. As the angular 
tolerances required for acceptable alignment are extremely small, even when their 
estimation has assumed some initial degree of angular alignment, it is extremely 
important that an accurate alignment procedure is developed. 
M. 
In view of this, a relatively simple technique has been devised which allows the 
rapid alignment of both the pressure cell and telescope, between exposures, and is 
illustrated schematically in figure 3.15. The position of the x-ray beam is indicated 
by two lasers which direct highly collimated light both towards and away from the 
monochromator vessel. These lasers are aligned along the monochromated x-ray 
beam with the aid of two sheets of x-ray sensitive paper, spaced approximately 
50cm apart along the optical bench, to define the position of the beam. Using 
the laser at the 'downstream' end of the optical bench, the pressure cell can be 
aligned to within approximately 0.04° to the laser beam (from estimates of the 
laser spot size at a distance of im between the laser and pressure cell) and, hence, 
with respect to the x-ray beam. The telescope is aligned in much the same manner 
by reflecting light from the 'upstream' laser off the objective lens , which defines 
the optic axis of the telescope (Hossack (1992)). Although the objective lens. 
provides reasonably strong back-reflected light its curved surfaces result in the 
beam divergence being increased with an accompanying decrease in the alignment 
accuracy. To overcome this difficulty, a small mirror is used to replace the objective 
lens.- during the alignment procedure and has been found, in practice, to allow 
the same alignment accuracy for the telescope as that obtained for the pressure 
cell. The 'upstream' laser is extremely small (approximately 10mm in length) 
and can be placed between the monochromator vessel and the initial lead shield. 
Since its holder has a sliding shutter arrangement, the 'upstream' laser can be 
translated out of the x-ray beam during an exposure and subsequently repositioned 
to allow the telescope to be aligned for the next exposure. In this way, the laser 
can be mounted permanently, and non-obtrusively, on the optical bench. The 
'downstream' laser is mounted behind the image plate holder and, therefore, does 
not interfere with exposures at any stage. This laser can, therefore, be used as a 
permanent reference to realign the upstream laser after successive exposures. 
Although the revised alignment system has only recently been implemented, ini-
tial tests have indicated that powder patterns free from contaminant gasket lines 
can be readily obtained and that the collimated beam can be placed extremely 
accurately at the centre of the gasket hole. 
In order to benefit from the ability to accurately align the pressure cell with re- 














Figure 3.15: The revised beam line setup at the SRS. The role of each of the beam 
line components is described in the text. 
be rotated so that the position of the sample both along and perpendicular to 
the beam is not altered. This is particularly important if an accurate sample to 
plate distance is to be maintained for a series of exposures on a sample at different 
pressures. It is also important to maintain the sample position if other contam-
inant features, such as diamond reflections, are to be removed from the powder 
patterns by rotating the diamond anvils out of the diffraction condition. As can 
be seen from figure 3.16, a diamond reflection from the anvil on the image plate 
side of the DAC can produce an extremely intense Bragg spot on the image and 
generate a series of accompanying powder lines as it passes through the beryl-
lium backing plate. A diamond reflection, as was described in section 3.2.3 for 
single-crystal studies, can diffract as much as 50% of the incident beam (Loveday 
et a! (1990)) and result in a corresponding loss of intensity from the powder pat-
tern itself. Therefore, although the contaminant Bragg spot and beryllium powder 
lines produced by a diamond reflection on the monochromator side of the pressure 
cell will be absorbed in the gasket, the powder pattern will, nevertheless, still be 
affected and have poorer counting statistics than expected. If weakly scattering 
samples are being studied, such an effect will negate the use of lengthy exposures 
and waste limited beam-time. 
Powder averaging will also be improved by rotating, or oscillating, the sample 
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Figure 3.17: A cross-section of the proposed pressure cell mount which will allow 
the pressure cell to be tilted with respect to the incident beam. 
during an exposure. If this is to be effective, however, the sample must not 
be translated by a significant amount over the oscillation range so that gasket 
illumination can be avoided. Therefore, in order to align the pressure cell with 
respect to the incident beam, avoid diamond reflections and to oscillate the sample 
to improve powder averaging, the pressure cell mount must be carefully designed. 
The mount currently being constructed for the Edinburgh-Daresbury IP system 
is shown in figure 3.17 and is expected to maintain the sample position within a 
sufficiently small tolerance to allow the oscillation of samples contained within a 
DAC without accidental gasket illumination. 
Improvements such as those described above will allow the Edinburgh-Daresbury 
IP system, which has already proved itself to be an extremely sensitive and diag-
nostically powerful instrument (Nelmes et al (1992)), to collect powder patterns 
free from contaminant features and with a high degree of powder averaging for 
sample volumes considerably smaller than those used to date. Combined with the 
development of MDACs with conical apertures for the diffracted x-ray beams, 
the use of the imaging plate system for high-pressure powder diffraction may allow 
the determination of crystal structures, with the R.ietveld refinement method, to 
pressures in the region of 1 Mbar. This challenging goal, although impossible to 
achieve just over a year ago, is now certainly within reach. 
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3.4 Neutron Powder-Diffraction 
3.4.1 Introduction 
Due to the large sample volumes required for crystal-structure determination using 
neutron powder-diffraction techniques, typically in the order of 10 to 100mm 3, the 
upper pressure limit for such studies has been restricted to around 2-3 GPa since 
the late 1960's. These large sample volumes, combined with the correspondingly 
large forces required to apply the pressure, have resulted in the construction of 
pressure cells with considerable mass offering only a limited angular access to the 
sample, for the incident and diffracted beams, with a relatively high and structured 
background. The use of time-of-flight techniques, with a fixed 90° diffraction 
geometry; is not hampered by the restricted angular access and has also allowed 
many of the background problems to be eliminated so that high-quality data can 
be collected. Although these techniques have been developed almost exclusively 
at the IPNS spallation source, Argonne, where successful structural studies have 
been performed for pressures of up to 2 GPa (see for example Jorgenson (1978)), 
the neutron flux at this, and other, pulsed neutron sources has been insufficient 
to allow work at higher pressures, which would require smaller sample volumes. 
However, the very high flux available from the recently commissioned ISIS spalla-
tion neutron source, at the Rutherford Appleton Laboratory, would allow sample 
volumes to be reduced while still enabling high-quality powder patterns to be col-
lected. With this and recent advances in anvil design and fabrication, a pressure 
cell designed specifically for neutron-diffraction with a 90° scattering geometry has 
been constructed, in association with the high-pressure group from the Universite 
Marie-Curie, Paris, with the aim of collecting powder diffraction data, suitable 
for full Reitv, eld refinement, at pressures in excess of 10 GPa. This has allowed 
accurate structural studies of materials containing light atoms, such as hydrogen, 
and the prospect of studying detailed thermal motion and magnetism, at pressures 
previously associated with x-ray diffraction studies in DACs. The details of the 
cell design and the work undertaken so far to reduce background and contaminant 
scatter are described in the following section. 
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3.4.2 The Paris-Edinburgh Cell 
The layout of the Paris-Edinburgh cell is shown in figure 3.18a, with an enlarged 
view of the novel opposed-anvil geometry shown in figure 3.18b. The anvils are 
constructed from tungsten carbide or, for the highest pressures, sintered-diamond 
compacts and are machined to provide a spherical sample space with a typical 
diameter of 6mm. A toroidal groove is also machined around the sample space to 
provide lateral support for the gasket. Lateral support for the anvils themselves is 
provided by heat-treated maraging steel binding rings, where the anvils are pressed 
into the rings, on a 1.5° angle, to the maximum tensile strength of the steel. The 
tungsten-carbide anvil seats, which are also laterally supported by pre-stressed 
maraging steel binding rings, have central holes to provide ports for the incident 
neutron beam, and the anvils are partly hollowed out at the back to further 
reduce neutron absorption. The gaskets are formed from a composite of three 
concentric layers of metal. Soft beryllium-copper outer gaskets are machined to 
the correct cross section, then shaped by compression in the toroidal grooves, and 
subsequently heat treated to full hardness. The middle layer of gasket material is 
formed from pyrophyllite which is varied in thickness from 1 to 2mm depending on 
the required pressure. Finally, an inner ring of Ti-Zr null-matrix alloy surrounds 
the sample to prevent contaminant gasket lines being produced, as the gasket 
extrudes into the incident neutron beam, at the highest pressures. The gasket 
is sufficiently permeable to neutrons so that it forms a window for the diffracted 
neutron beams, which can be collected over a 12° angle in 29 (90°6 0 ) since the 
faces of the anvil binding rings are suitably tapered. 
The second element of the Paris-Edinburgh pressure cell setup is the 250M  (250 
tonnes) press. As space is limited in the ISIS powder diffractometer hutches and 
the setup has to be removed, tilted, and otherwise manipulated in the loading 
and unloading operations, the press must be (40cm in all dimensions and not 
too massive to be handled by an average operator. Since standard presses of 
the same capacity have masses of over 1000kg and are extremely large pieces of 
equipment, a more suitable press, of dimensions 200x200x270mm and with a 
mass of only 50kg, has been purpose built. As can be seen from figure 3.18a, the 
press itself consists of two parts held together by four steel tie rods. The upper 
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Figure 3.18: (a) - A cross section of the Paris-Edinburgh press and anvil assembly 
showing; the hydraulic ram cylinder (1), the ram piston (100 cm  in area) (2), the 
breech (3), the platen (4), the hydraulic fluid inlet (280 MPa) (5), the tie rods 
(6), the boron carbide collimator (7), the tungsten carbide anvils and their steel 
supporting rings (8), the sample volume (9), the tungsten carbide anvil seats (10) 
and the '0' ring oil seal (11). The directions for the incident (i) and diffracted 
(d) beams are also shown. (b) - An enlarged cross section of the high pressure 
anvils and anvil seats showing the toroidal gasket. 
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tungsten carbide anvil seat. The breech is threaded into the upper steel platen to 
make it possible to assemble the sample, gasket and anvils without disassembling 
the tie rods. A hydraulic ram is contained within the lower half of the press and 
bears directly on the lower anvil. Its unusual shape has been calculated, by finite 
element analysis (Besson et al (1992)), to provide compensation for strains under 
applied load so that the oil chamber is leak tight to oil pressures exceeding the 
practical working limits of the press. The hydraulic oil pressure is provided by a 
small hand pump, rated to 280MPa, and allows in situ variation of the pressure. 
To date, the press has been used almost entirely on the Polaris station of the ISIS 
facility, with a specially constructed jig holding the cell so that its axis lies in the 
horizontal plane. The whole assembly of mounting jig and pressure cell is designed 
to fit within the Polaris tank and give reproducible alignment with respect to the 
incident beam and the detectors between loadings. 
In order to reduce the background and optimise the signal-to-noise ratio, a multi-
stage approach to collimation has been used to eliminate the effects of scattering 
from the pressure cell materials immediately around the sample. Initially, the 
incident beam is reduced to the dimensions of 2 x 1cm 2 by a series of slits placed 
in the beam line. A 13 4 C collimator mounted directly onto the breech (see figure 
3.18a) then reduces the beam to a circular cross section with a diameter of 4-6mm, 
depending on sample size and anvil configuration. Collimation of the diffracted 
beam is provided by coating the faces and sides of the anvil binding rings with 
neutron absorbing paint (Cd 2 03-doped epoxy), which also shields the 900  bank of 
detectors from contaminant peaks produced by illuminated anvil material. Further 
collimation of the diffracted beam is provided by slits mounted on the side of the 
cell, and on the outside of the sample tank, to restrict the region viewed by the 
detectors to that immediately around the sample. To eliminate the background 
generated by multiple scattering of neutrons from the steel components of the 
pressure cell assembly, highly absorbing borated-polythene blocks are bolted to the 
sides of the cell mounting jig. Finally, the detector itself is shielded by 13 4 C sheets 
surrounded by borated-polythene blocks, forming a channel from the sample tank 
wall to the detector bank, to reduce the detected background from the environment 
of the Polaris hutch. The detector bank itself consists of an array of 20 4  H tubes, 
each 2cm in diameter, at a distance of 2m from the sample, giving a resolution () 
94 
of about 7x10 3 (Besson et al (1992)). For samples of typical scattering powers 
and dimensions, an exposure time of approximately 4 to 6 hours is required to 
collect a pattern of sufficient quality for Rietveld refinement. 
Although powder patterns can be collected that are relatively free from contam-
inant powder lines, the data must be corrected for wavelength-dependent ab-
sorption in the pressure cell components so that accurate structural studies can 
be performed. To measure this correction, powder patterns were collected from 
reference iron pellets (chosen as a readily available strongly scattering material) 
mounted both inside and outside the cell. From a comparisonof the in-cell andout 
-of-cell patterns a set of empirical attenuation coefficients were determined, which 
have subsequently been shown, in conjunction with finite element calculations, to 
provide a suitable means of correcting raw powder-diffraction data for cell absorp-
tion (Nelmes et al (1991)). Since the attenuation of the gasket is likely to vary as 
it deforms under increasing pressure, a small laser arrangement has recently been 
mounted on the cell so that the separation of the anvils can be measured during 
an experiment. Although the system has yet to be fully calibrated, it is expected 
that a knowledge of the distance between the anvils will allow the deformation of 
the gasket, and hence the cell attenuation, to be more accurately modeled as a 
function of pressure. Nevertheless, with the existing techniques described above, 
the Paris-Edinburgh cell has been used, for example, to successfully determine 
the structural changes of ice VIII between the pressures of 2.5 and 12.5 GPa at a 
temperature of -5°C (Nelmes et al (1993)). 
Very recently, a new 900  bank of detectors has been installed on the Polaris diffrac-
tometer to increase the angular coverage of the detectors encircling the sample - 
in the plane perpendicular to the incident beam - from an azimuthal angle of 20 0 
(40 in 20) of the old detector bank to an azimuthal angle of around 132 0 (14° in 20). 
The increased area of coverage and the improved efficiency of the new detectors 
has produced a 16 fold increase in the detected signal (Loveday (1993)), provid-
ing an opportunity to decrease the sample volume, without a degradation of the 
powder pattern quality, so that higher pressures can be achieved. With this new 
development, it may be possible to obtain refinable powder patterns at pressures 
above the 23 GPa attained so far, and when combined with variable temperature, 
will provide unrivaled opportunities in high-pressure neutron powder-diffraction. 
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Chapter 4 
A High-Pressure Structural Study of Potassium 
Titanyl Phosphate (KTP) 
4.1 Introduction 
Potassium titanyl phosphate, KTiOPO 4 (KTP), and its family of structural ana-
logues form a unique class of non-linear optical materials. KTP is an extremely 
efficient second-harmonic generator (SHG) of Nd-YAG laser light (Bierlein and 
Vanherzeeie (1989)) and is a particularly important material for many opto-
electronic applications. At room temperature the structure of KTP assumes the 
acentric Pna2 1  space group with lattice parameters a=12.819(3)A, b=6.399(1)A, 
c=10.584(2)A, V=868.1A (Thomas et al (1990)). The principal structural origin 
of this non-linear optical behaviour has been considered to be the anomalously 
short Ti-O bonds in the highly distorted Ti0 6 octahedra (Tordjman et al (1974)), 
which form characteristic chains in the [0 1 1 and [0 I 1] directions, linked by 
alternately long and short Ti-O bonds (e.g. the chain A, B, C, D, E in figure 
4.1). Several structural analogues of KTP have been reported where K is sub-
stituted by (for example) Rb or Ti (Masse and Grenier (1971)), P by As (El 
Brahimi and Durand (1986)) and more recently where Ti is substituted by (for 
example) Sn (Slobodyanik et al (1987)) or Fe (Phillips et al (1989)). All of these 
have been extensively reviewed (Stucky et al (1989)). The KTP structure exhibits 
a strong pseudosymmetry derived from the centric Pnan spacegroup and it has 
been reported that the isomorphous thallium analogue T1TiOPO 4 (T1TP) under- 
goes a second-order transition into this Pnan symmetry at 9231< (Harrison et al 
(1990)). In addition to this, a high-pressure Raman study of KTP, carried out by 
Kourouklis et al (1987), provides evidence of a phase transition at 5.5 GPa to an 
uncharacterised phase. This Raman study shows that there is an increase in the 
number of modes at the 5.5 GPa phase transition, which was taken to indicate 
a lowering of the crystal symmetry, or a multiplication of the unit cell, into an 
antiferroelectric phase. The mechanism of the transition is proposed to be poly-
hedral tilting in the Ti0 6-PO4 framework being driven by the softening Raman 
mode near 56cm'. This mode, which has been associated with the potassium 
atoms (Pisarev et al (1990)), has a small discontinuity at the phase transition, 
indicating that the transition is first order in character. On release of pressure the 
original Raman spectrum appears with no - - change in the appearance 
of the sample. This indicates that although the transition is first order it is re-
versible. In contrast, Serhane et al (1991) have located a phase transition in T1TP 
at 6 GPa where the number of Raman modes decreases by about a factor of two. 
They postulate that T1TP adopts a centrosymmetric phase which is paraelectric 
and closely related to the high-temperature phase. It is clearly of considerable 
interest to determine what relationship these high-pressure phases have to the 
high-temperature phase, and whether the high-pressure phases of KTP and T1TP 
have different structures. 
A high-pressure structural study of KTP was mentioned briefly towards the end of 
a review article by Stucky et al (1989) although it has not been reported in more 
detail elsewhere. No structural results are given except an angle change of 6.1° 
at 1 GPa for an unspecified P-O-Ti linking bond. In the absence of any other 
information regarding the pressure dependence of KTP the present investigation 
was undertaken to establish the major structural changes occurring as the phase 
transition at 5.5 GPa is approached, and to determine the structure of the high-
pressure phase. The details of this high-pressure single-crystal x-ray diffraction 
study are presented in the following sections. 
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Figure 4.1: The structure of KTiOPO 4  viewed along the b-axis. The shaded circles 
represent the titanium atoms and the atoms labelled A, B, C, D, E are titanium 
atoms forming a chain linked by alternately long and short Ti-OT bonds. 
4.2 The Pressure Dependence of the Structure 
as the Phase Transition is Approached 
4.2.1 The Experiment and Data Analysis 
A single crystal of flux-grown KTP was cut to the approximate dimensions of 100 
X 100 x 100 pm3, from a sample supplied by Dr P. A. Thomas of The University 
of Warwick, and the resulting fragment was mounted on the Physics Depart-
ment's CAD4 four-circle diffractometer. The crystal quality was then checked 
and the crystallographic axes determined relative to the somewhat irregular crys-
tal shape. To ensure that the crystal shape had been adequately characterised, 
for finite-element absorption correction, a series of b scans were performed on 
selected reflections. The absorption corrected intensities of these reflections were 
found to remain constant (to within 2cr) for each point measured around the scat-
tering vector. The data were to be collected using a Merritt-Bassett diamond-anvil 
pressure cell (DAC) which limits the region of accessible reflections to that lying 
close to the reciprocal lattice plane parallel to the diamond-anvil faces (see section 
2.3.1). Since the atoms of the KTP structure occupy general positions, such that 
their x-, y- and z-coordinates are not restricted by symmetry, it was not clear how 
the sample should be oriented within the DAC to reduce parameter correlations. 
Therefore, in order to determine the most satisfactory crystal orientation a series 
of trial refinements was performed on a previously collected three-dimensional am-
bient data set, taking the structural parameters of Thomas et al (1990) as starting 
values. Regions of inaccessible reflections were removed from the data to simulate 
the crystal mounted with either the a-, b- or c-axes perpendicular to the plane 
of the diamond anvil face. The refinements indicated that the lowest correlations 
between the positional parameters were observed for the a-axis setting and it was 
also found that the errors for the x-coordinates were not significantly higher than 
those for the y- and z-coordinates despite the a-axis being the direction of low-
est resolution in the restricted data set. Therefore, it was decided to mount the 
crystal with its a-axis perpendicular to the diamond-anvil face. 
The sample was secured to the face of one diamond-anvil, using petroleum jelly as 
a glue, with chips of ruby placed beside it for pressure calibration. The DAC was 
then assembled with a tungsten gasket confining the sample and a 4:1 methanol-
ethanol fluid (which had been dried with a molecular sieve) used to transmit the 
pressure. Initially the cell was taken to a relatively low pressure of 0.2 GPa (mea-
sured to ±0.05 GPa using the ruby fluorescence method) which is just sufficient 
to ensure the cell is firmly sealed and the crystal mounting secure. The DAC was 
mounted on the CAD4 and the sample carefully centered using the four-equivalent-
settings procedure of King and Finger (1979) with graphite-monochromated Ag 
Ka x-rays. This wavelength was chosen due to the superior resolution and lower 
absorption it offers over Mo Ka (see section 3.2.2). 
A low-pressure reference data set was then collected, measuring each reflection 
with the w-scan method at the position of least attenuation by the pressure cell, 
according to the procedure of Finger and King (1978). The reflections were also 
measured at three positions over a narrow range around the scattering vector to 
detect and eliminate errors due to simultaneous diffraction by the diamond anvils 
(Loveday et al. (1990)), see section 3.2.3. Initially data were carefully collected 
in the region of 00 < 0 <15 0 and, with a slightly increased scan speed, in the 
region of 15° < 0 <30°. At least two equivalents were present (±h,-k,±l) in both 
shells. Reflections for which either the incident or diffracted beam lay beyond 37° 
from the cylindrical symmetry axis of the cell were not collected, leaving a small 
safety margin on the limit (40 0 ) imposed by the steel mounting of the beryllium 
discs (Merrill and Bassett (1974)). After applying a correction for the absorption 
of both the pressure cell and the sample (Finger and King (1978), Zucker et al 
(1983)), the data were averaged over repeated measurements and reflections af-
fected by simultaneous diamond reflections removed from the data set. The data 
were then used for an initial least-squares refinement of the structure, including 
an extinction correction, using the Prometheus crystallographic programs (Zucker 
et al. (1983)). The structural parameters obtained by Thomas et al (1990) were 
taken as starting values. It became apparent that since many of the reflections 
were relatively weak, particularly for the second shell, it was very important that 
the most structurally sensitive of these weak reflections were identified and their 
intensities measured more accurately. This was achieved with the 'leverage' pro-
cedure (Prince and Nicholson (1985)), discussed in section 2.4.1, which uses the 
derivatives calculated by the least-squares program to identify reflections most 
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sensitive to the variable parameters of interest. The intensities of the 'leveraged' 
reflections were then remeasured with increased counting times, to improve their 
precision, and added to the data set. Structure factors were calculated for the re-
maining accessible reflections and for reflections whose intensities had not already 
been measured accurately. The strong and intermediate reflections predicted from 
these calculations were measured, as accurately as the 'leveraged' reflections, and 
added to the data set. All of the poorly determined reflections (I <3o(I)) present 
in the second shell were removed from the refinement. This had little effect on 
either the refined coordinates or on the magnitude of the errors. The resulting 
data set, which covers the whole range of accessible reflections (up to sinO/)=1.0 
A- '), was then used for a final least-squares structural refinement. As for the 
initial refinement, all the reflections not rejected due to simultaneous diamond 
reflections were corrected for pressure cell and sample absorption and averaged 
over identical reflections. In order to assign weights correctly to the reflections 
in the data set, averaging over the equivalent reflections and leveraged reflections 
only occurred after the final structural refinement. In the least-squares refinement 
each reflection was assigned a weight w=11[u 2 (F0 )+f], where u(F0 ) is the esd for 
the observed structure factor and f is an estimate of the irreducible uncertainties 
in the measurement of intensities (Lehmann (1975)) (taken in this case to be 3% 
of the observed intensity of each reflection). Averaging over the equivalent re-
flections after the refinement allowed the internal consistency of the data to be 
determined. 
The positional parameters for all the atoms refined stably with no significant 
correlations between them. However, due to the rather limited data set, this was 
not found to be the case for the thermal parameters, and various constraints had 
to be applied. For all except the potassium atoms, only isotropic temperature 
factors were refined. This seems appropriate since the ambient structural study, 
carried out by Thomas et al. (1990), demonstrates that the potassiums are the 
only atoms exhibiting significantly anisotropic thermal motion: the other atoms, 
which form the Ti06-PO4 framework, have thermal motions which are almost 
isotropic. A further constraint was introduced by fixing the anisotropic thermal 
parameters directed along a (the direction of lowest resolution in the data) to 
their ambient values. With all these constraints applied, the refinement converged 
and gave physically reasonable thermal parameters for the K, Ti and P atoms. 
- 
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However, the oxygen atoms were less well defined and additional constraints had 
to be applied to them. Since the oxygen atoms all have similar environments, 
their isotropic thermal parameters were all constrained to be the same, except for 
those involved in the short Ti-O bonds (labelled OT1 and 0T2). The parameters 
for these two atoms were kept the same as each other, but allowed to differ from 
the other oxygens; In order to determine the effect of these further constraints, 
Hamilton's R-factor test (Hamilton (1974b)) was applied between refinements 
where the oxygen thermal parameters were refined freely and where they were 
constrained. The test revealed that the constraints changed the R-factor by less 
than the 90% confidence limit and are therefore not statistically significant for 
the data (Hamilton (1964)). The refined positional parameters were also found 
to agree to within 1.5a or better, indicating that the constraints had not biased 
the refinement significantly. Physically reasonable values were obtained for all 
the thermal parameters although the errors were fairly large. The anisotropic 
thermal parameters for the potassium atoms agreed with the values of Thomas 
et al (1990) to within 20% while the isotropic thermal parameters for the other 
atoms agreed with Trodjman et al (1974) to within a factor of two. As a final check 
that the thermal-parameter constraints did not affect the positional parameters, a 
full data set, measured at ambient pressure, was refined with anisotropic thermal 
parameters for all the atoms. The results were compared with a second refinement 
where the above constraints had all been applied, and there were no significant 
differences between the positional parameters for the two refinements (all agreeing 
to within a). 
The purpose of the low-pressure reference data set was to determine to what 
extent (if at all) the restrictions imposed by the pressure cell bias the data, as 
well as establishing a reasonable data-collection strategy. Any bias in the data 
may result in some small offsets in the refined positional parameters from their 
ambient pressure values. The low-pressure reference data set therefore provides a 
secure starting point from which any changes in the structure can be determined 
from data measured at higher pressures. 
Data were collected for pressures of 2.2, 3.7 and 4.7 CPa following the strategy 
already outlined for the 0.2 GPa reference data and at each pressure, including 
0.2 GPa, (i) the unit-cell dimensions were determined accurately by the four- 
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equivalent-settings-procedure of King and Finger (1979) which corrects for any 
sample miscentring (see section 2.4.4.), and (ii) the pressure was remeasured af-
ter the data collection to ensure it had remained constant. Again the data were 
corrected for pressure-cell and crystal absorption and averaged over identical re-
flections. As already explained, averaging over equivalent reflections was carried 
out after the final refinements and allowed the internal consistency of each data 
set to be determined. 
4.2.2 Results and discussion 
Table 4.1 presents the refined atomic coordinates, the measured unit-cell dimen-
sions and unit-cell volume, the number of independent reflections, the number of 
refined parameters, the weighted R-factor and the goodness-of-fit. The results of 
the atmospheric study conducted by Thomas et al. (1990) are also given for com-
parison. All the R-factors for the high-pressure data are similar and the refined 
scale factors (not given) show only a small monotonic variation in the sequence 
in which the data were collected. The bond lengths of the K cages, Ti octahedra 
and P tetrahedra derived from these refinements are given in table 4.2. 
The unit-cell volume is plotted as a function of pressure in figure 4.2. A Mur-
naghan fit to the values, using the Volfit program (Ida (1985)), gives a bulk 
modulus B0=58±8 OPa with a curvature of B'=15±4. The unit-cell volume de-
creases by 2.8(1)% at 2.2 GPa, comparable with that of the anorthite feldspar 
(CaAl 2 Si2O8) which exhibits a decrease of 2.8(1)% at 2.5 GPa (Angel (1988)). 
Anorthite has similar structural properties to those of KTP and will be described 
in more detail later. 
From table 4.1 it is clear that the 1(2 atom exhibits a shift under pressure while 
the Ki atom remains relatively stationary. To illustrate this, their fractional 
coordinates are plotted as a function of pressure in figure 4.3. The potassium 
atoms occupy cavities, or cages, in the Ti0 6-PO4 framework and are loosely held 
in the structure. The movement of the 1<2 atom suggests that its cage exhibits 
a significant pressure dependence. This pressure dependence will manifest itself 
as a relative movement in the Ti0 6-PO4 framework and, upon examination of 
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Figure 4.2: The unit-cell volume of KTiOPO 4 as a function of pressure. The 
atmospheric-pressure value shown ass, is calculated from the unit-cell dimensions 
of Thomas et al (1990). Note that the errors are smaller than the symbols shown. 
The line is fitted to the high-pressure points using a Murnaghan function. 
table 4.1, it is evident that the P1, P2 and 03 atoms undergo clear shifts. To 
illustrate the shifts, the fractional coordinate changes for the P1 and 03 atoms 
are also shown in figure 4.4 (note that P2 has a shift of similar magnitude to that 
of P1 and is not shown in the figure). The small but significant offset of the 03 
y-coordinate at 0.2 GPa from the atmospheric-pressure value illustrates the need 
for the low-pressure reference data set in determining trends in the structure. 
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I 	I 	AP 	0.2 CPa 	2.2 GPa 	3.7 GPa 	4.7 GPa I 
a(A) 12.819(3) 12.832(7) 12.705(7) 12.639(7) 12.620(8) 
b(A) 6.399(1) 6.412(3) 6.363(2) 6.331(2) 6.315(4) 
c(A) 10.584(2) 10.586(4) 10.505(4) 10.447(4) 10.417(5) 
V(A3 ) 868.1(4) 871(1) 849(1) 836(1) 830(1) 
Ki 	x 0.37807(8) 0.3795(5) 0.3813(5) 0.3815(5) 0.3818(4) 
y 0.7806(1) 0.7799(5) 0.7796(5) 0.7807(5) 0.7819(5) 
z 0.6880(1) 0.6867(4) 0.6860(4) 0.6855(4) 0.6853(5) 
K2 	x 0.10526(7) 0.1049(6) 0.1049(6) 0.1045(5) 0.1046(4) 
y 0.6990(1) 0.6989(5) 0.6946(5) 0.6921(4) 0.6911(5) 
0.9332(1) 0.9331(6) 0.9325(5) 0.9332(5) 0.9320(6) 
Til 	x 0.37290(4) 0.3737(4) 0.3728(3) 0.3733(3) 0.3743(3) 
y 0.5001(1) 0.5013(5) 0.5004(4) 0.5013(4) 0.5006(4) 
-0.00040(8) -0.0004 -0.0004 -0.0004 -0.0004 
Ti2 	x 0.24658(6) 0.2450(6) 0.2450(5) 0.2467(5) 0.2461(4) 
y 0.2695(5) 0.2697(4) 0.2690(4) 0.2686(3) 0.2685(3) 
0.74836(9) 0.7483(5) 0.7480(5) 0.7484(5) 0.7486(6) 
P1 	x 0.49808(8) 0.4986(8) 0.4981(8) 0.4980(7) 0.4970(6) 
y 0.3363(1) 0.3360(4) 0.3338(4) 0.3318(4) 0.3318(4) 
0.7397(1) 0.7409(6) 0.7419(6) 0.7409(5) 0.7404(6) 
P2 	x 0.18079(7) 0.1822(6) 0.1815(6) 0.1805(5) 0.1797(5) 
y 0.5020(1) 0.5000(9) 0.5003(7) 0.5029(8) 0.5024(6) 
z 0.4872(1) 0.4882(6) 0.4874(5) 0.4882(5) 0.4891(6) 
01 	x 0.4859(2) 0.4852(14) 0.4873(12) 0.4868(13) 0.4890(12) 
y 0.4867(5) 0.4894(12) 0.4863(12) 0.4873(12) 0.4857(13) 
z 0.8497(2) 0.8478(9) 0.8522(8) 0.8500(9) 0.8481(11) 
105 
I 	I 	AP 	0.2 GPa 	2.2 GPa 	3.7 GPa. 	4.7 GPa I 
02 	x 0.5103(2) 0.5142(17) 0.5087(13) 0.5094(14) 0.5100(10) 
y 0.4657(5) 0.4616(12) 0.4604(12) 0.4583(13) 0.4600(13) 
z 0.6170(2) 0.6168(8) 0.6146(8) 0.6162(8) 0.6174(11) 
03 	x 0.4004(2) 0.4009(12) 0.4023(12) 0.4009(12) 0.4004(9) 
y 0.1986(4) 0.2037(13) 0.1981(14) 0.1920(14) 0.1897(13) 
z 0.7208(2) 0.7192(10) 0.7234(9) 0.7226(10) 0.7272(13) 
04 	x 0.5934(2) 0.5908(15) 0.5929(14) 0.5918(14) 0.5917(11) 
y 0.1930(4) 0.1888(13) 0.1851(13) 0.1836(13) 0.1840(14) 
z 0.7589(2) 0.7572(9) 0.7590(9) 0.7583(10) 0.7574(11) 
OT1 	x 0.2248(2) 0.2226(14) 0.2233(14) 0.2273(13) 0.2274(12) 
y 0.9653(4) 0.9694(16) 0.9714(15) 0.9737(14) 0.9703(15) 
z 0.3561(2) 0.3537(10) 0.3537(9) 0.3354(9) 0.3566(11) 
0T2 x 0.2232(2) 0.2195(17) 0.2205(14) 0.2218(14) 0.2219(12) 
y 0.0413(5) 0.0423(18) 0.0388(17) 0.0428(15) 0.0407(15) 
z 0.6097(2) 0.6088(12) 0.6097(11) 0.6119(10) 0.6126(11) 
05 	x 0.1126(2) 0.1118(14) 0.1089(14) 0.1126(11) 0.1094(10) 
y 0.3106(4) 0.3162(13) 0.3141(12) 0.3177(12) 0.3143(12) 
z 0.4585(2) 0.4560(10) 0.4545(9) 0.4574(10) 0.4594(15) 
06 	x 0.1113(2) 0.1119(15) 0.1120(15) 0.1087(15) 0.1083(13) 
y 0.6918(4) 0.6938(13) 0.6904(12) 0.6961(12) 0.6937(13) 
z 0.5117(3) 0.5129(11) 0.5127(9) 0.5124(10) 0.5126(12) 
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AP 0.2 GPa 2.2 GPa 3.7 GPa 4.7 GPa 
07 	x 0.2525(2) 0.2506(17) 0.2551(17) 0.2575(15) 0.2560(13) 
y 0.5402(5) 0.5420(16) 0.5415(15) 0.5364(15) 0.5419(15) 
z 0.3718(2) 0.3713(10) 0.3720(9) 0.3734(10) 0.3747(11) 
08 	x 0.2528(2) 0.2522(14) 0.2560(11) 0.2542(12) 0.2536(12) 
y 0.4619(5) 0.4598(16) 0.4598(14) 0.4602(15) 0.4602(16) 
z 0.6008(2) 0.6014(12) 0.6003(10) 0.6015(11) 0.6006(12) 
Ni 2158 490 491 496 417 
Nr 145 65 65 65 65 
0.024 0.044 0.042 0.047 0.051 
Of - 1.38 1.33 1.44 1.80 
Table 4.1: Unit-cell dimensions (A), unit-cell volume (A3 ) and refined atomic 
fractional coordinates of KTiOPO 4 as a function of pressure. The number of 
independent reflections (N i ), the number of refined parameters (N,.), the weighted 
R-factor (IL)  and the goodness-of-fit (Of) are also given. The estimated standard 
deviations (esd's) for each of the values are given in parentheses. Note that the 
Prometheus refinement program requires that one atom be fixed along the polar 
axis. The Til z-coordinate was chosen to be fixed, and so no esd is quoted for 
it. The ambient pressure (AP) values were calculated from the refined atomic 
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Figure 4.3: Fractional coordinate changes for the Ki (0) and K2 (Li) atoms in 
KT1OPO4 relative to the 0.2 GPa values. The ambient-pressure values, shown as 
and A , are from Thomas et at (1990). Note that some of the points have been 
translated slightly along the pressure axis to avoid overlap. The dashed and solid 
lines represent the movements of the Ki and K2 atoms, respectively, and are a 
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Figure 4.4: Fractional coordinate changes for the P1 (0) and 03 (Li) atoms in 
KTIOPO4  relative to the 0.2 GPa values. The ambient-pressure values, shown as 
and A, are from Thomas et a! (1990). Note that some of the points have been 
translated slightly along the pressure axis to avoid overlap. The dashed and solid 
lines represent the movements of the P1 and 03 atoms, respectively, and are a 





AP 0.2 GPa 2.2 CPa 3.7 GPa 4.7 GPa 
K(1)08 
Ki-01 2.894(4) 2.867(12) 2.889(11) 2.859(11) 2.865(12) 
K1-02 2.738(4) 2.775(16) 2.703(13) 2.702(14) 2.693(12) 
K1-03 2.712(3) 2.753(10) 2.705(10) 2.644(10) 2.622(10) 
K1-05 2.872(3) 2.862(10) 2.832(9) 2.851(10) 2.864(15) 
K1-07 3.057(3) 3.071(14) 3.099(15) 3.092(12) 3.100(13) 
K1-08 2.755(4) 2.774(15) 2.736(11) 2.734(13) 2.743(13) 
Ki-OT1 2.995(3) 2.967(12) 2.953(12) 2.969(11) 2.992(12) 
K1-0T2 2.722(4) 2.780(19) 2.745(16) 2.724(16) 2.705(13) 
K(2)0 9 
K2-01 2.677(3) 2.677(12) 2.658(12) 2.663(15) 2.656(11) 
K2-02 2.982(3) 2.991(14) 2.933(11) 2.927(12) 2.950(12) 
K2-03 3.045(3) 3.029(11) 3.057(10) 3.024(11) 3.075(12) 
K2-04 3.117(3) 3.112(9) 3.031(8) 3.003(9) 2.991(10) 
1<2-05 2.806(3) 2.793(19) 2.727(18) 2.757(16) 2.717(14) 
K2-07 2.918(4) 2.951(15) 2.905(14) 2.861(14) 2.891(13) 
K2-08 3.048(4) 3.055(16) 3.013(14) 3.027(14) 3.028(14) 
K2-OT1 2.765(4) 2.789(15) 2.733(15) 2.663(15) 2.656(15) 
K2-0T2 3.057(4) 3.089(22) 3.062(17) 3.033(17) 3.039(15) 
Ti(1)06 
Til-Ol 2.150(3) 2.153(13) 2.126(12) 2.123(13) 2.144(14) 
Til-02 1.958(3) 1.915(17) 1.946(14) 1.936(15) 1.923(13) 
Ti1-05 2.042(3) 2.079(8) 2.065(8) 2.058(8) 2.035(9) 
Til-06 1.987(3) 1.985(8) 1.986(8) 1.950(8) 1.956(9) 
Til-OT1 1.981(3) 1.988(14) 1.968(13) 1.978(13) 1.975(13) 
Til-0T2 1.716(3) 1.684(17) 1.675(13) 1.700(13) 1.710(13) 
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AP 0.2 GPa 2.2 GPa 3.7 GPa 4.7 CPa 
Ti(2)06 
T12-03 2.044(3) 2.067(15) 2.065(16) 2.026(15) 2.022(11) 
Ti2-04 1.981(3) 1.999(16) 1.958(17) 1.983(17) 1.974(13) 
Ti2-07 1.965(3) 1.957(11) 1.948(10) 1.967(10) 1.942(10) 
Ti2-08 1.990(3) 1.978(11) 1.975(10) 1.958(10) 1.963(11) 
Ti2-OT1 1.733(3) 1.749(12) 1.748(10) 1.745(10) 1.732(11) 
Ti2-0T2 2.092(3) 2.101(12) 2.086(11) 2.043(11) 2.042(11) 
P(1)0 4 
P1-01 1.519(3) 1.509(10) 1.517(9) 1.513(9) 1.489(12) 
P1-02 1.548(3) 1.554(9) 1.567(9) 1.537(9) 1.525(12) 
P1-03 1.544(3) 1.531(15) 1.505(15) 1.525(14) 1.520(12) 
P1-04 1.541(3) 1.523(17) 1.542(18) 1.523(17) 1.527(13) 
P(2)0 4 
P2-05 1.535(3) 1.523(15) 1.540(14) 1.488(13) 1.515(10) 
P2-06 1.528(3) 1.557(14) 1.521(15) 1.544(15) 1.526(12) 
P2-07 1.548(3) 1.541(15) 1.553(16) 1.559(14) 1.553(14) 
P2-08 1.537(3) 1.520(13) 1.539(12) 1.530(13) 1.513(13) 
Table 4.2: The bond lengths (A) of the K cages, Ti octahedra and P tetrahedra 
in KTiOPO4 as a function of pressure. The ambient pressure (AP) values were 
calculated from the refined atomic fractional coordinates of Thomas et a! (1990). 
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In order to determine the relative compress ibi li ties of the K cages, the PO 4 tetra-
hedra and the Ti0 6  octahedra, their volumes were calculated for all four pressures 
by dividing each unit into constituent irregular tetrahedra. The PO 4 tetrahedra 
and Ti06  octahedra require one and four such tetrahedra respectively, with an 
oxygen atom at each vertex. For the 1< cage sites the constituent tetrahedra were 
determined by placing a K atom at one vertex and neighbouring oxygen atoms 
at the remaining three vertices. Describing the volume of the cage sites in this 
way requires twelve and fourteen such tetrahedra for the K(1)0 8 and K(2) 9 cages 
respectively. The volume of each of the irregular tetrahedra can be readily cal-
culated from the appropriate bond lengths and bond angles and then summed 
to yield the volume of each structural unit. As can be seen from table 4.3, all 
the units show a decrease in volume under pressure, although their relative vol-
ume changes are quite different: the K cages have a 5.7±1% reduction in volume 
at 4.7 GPa, while the Ti octahedra and P tetrahedra have 2.8±2% and 2.4±2% 
reductions respectively. Therefore, it seems that the large potassium cage sites 
are readily compressible and absorb a significant fraction of the overall 4.7±0.2% 
reduction in the unit-cell volume at 4.7 GPa. The average volume change of the 
K cage sites is plotted in figure 4.5 along with the change in the unit-cell volume. 
It is evident from figure 4.5 that the curvature of the pressure-volume relationship 
is significantly greater for the K cages than for the unit-cell. 
From figure 4.1, which presents the structure of KTP projected along the b-axis, it 
is evident that the environments for the K  and K2 atoms are quite different. The 
K(2)09  cage forms a channel, parallel to the b-axis, which runs through the entire 
crystal structure and along which the 1<2 atom may be expected to move relatively 
freely; and it is seen from figure 4.3 that the only significant movement of the K2 
atom with increasing pressure is along the b-axis (i.e. along the channel). On the 
other hand, the Ki atom is constrained from a similar motion by the confinement 
of the P(1)0 4-Ti(2)06 chain which restricts movement of the 1<1 atom along the 
b-axis (see figure 4.1). It is interesting to note that although the Ki cage forms a 
channel which runs parallel to the a-axis, the 1<1 atom does not show a significant 
movement along the a-axis with increasing pressure. The apparent difference in 
behaviour may be partly due to the greater restriction offered by the Ki cage 
environment, which has a volume 25% smaller than that of the K2 cage. There 
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Figure 4.5: The relative volumes (V/V 0 ) of the unit-cell volume (0) and K cages 
() (the Ki and K2 cages averaged) in KTiOPO 4 as a function of pressure, 
referred to the value V. at 0.2 GPa. The ambient-pressure values, shown as 
and A, are calculated from the unit-cell dimensions and the fractional coordinates 
of Thomas et al (1990). Note that where error bars are not shown the errors are 
smaller than the circular symbols. The dashed and solid lines are from Murnaghan 
fits to the relative volumes of the unit cell and the K cages respectively. 
[SWIsIII 
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AP 0.2 GPa 2.2 CPa 3.7 GPa 4.7 GPa 
Ti06 octahedra 
average bond length (A) 1.970(3) 1.971(13) 1.962(12) 1.956(12) 1.952(12) 
volume (As) 10.08(5) 10.08(18) 9.94(17) 9.86(17) 9.80(16) 
PO4 tetrahedra 
average bond length (A) 1.537(3) 1.532(13) 1.534(13) 1.527(13) 1.521(12) 
volume (A3 ) 1.86(1) 1.84(5) 1.86(5) 1.83(5) 1.80(4) 
1<1 cage 
average bond length (A) 2.843(4) 2.856(14) 2.833(12) 2.822(12) 2.823(12) 
volume (A 3 ) 26.15(6) 26.46(36) 25.72(33) 25.14(34) 25.00(31) 
K2 cage 
average bond length (A) 2.934(3) 2.943(15) 2.902(13) 2.884(14) 2.889(13) 
volume (A3 ) 34.71(7) 35.12(45) 33.46(45) 32.91(45) 33.03(45) 
Table 4.3: The pressure dependence of the average M-0 bond lengths (A) in the 
T106 octahedra, PO 4 tetrahedra and 1< cages of KTiOPO 4 and of the volumes 
(A3) of these structural units. The definition of the volumes is discussed in the 
text. The ambient pressure (AP) values were calculated from the refined atomic 
fractional coordinates of Thomas et al (1990). 
which reduce by 1.2±0.3% and 1.8±0.2% for the 1(1 and K2 cages respectively. 
As the P(1)0 4-Ti(2)6 chain deforms under pressure, the motion of the 03 atom, 
combined with that of the P1 atom, results in a reduction of the P1-03-Ti2 bond 
angle by approximately 30  between 0.2 and 4.7 CPa (see table 4.4). This bond 
links the chain of alternate P(1)0 4 tetrahedra and Ti(1)0 6 octahedra which is 
directed along the a-axis (see figure 4.1). The most significant Ti0 6-PO4 linking 
angle change, however, is in the P2-07-Ti2 bond which reduces by approximately 
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AP 0.2 GPa 2.2 CPa 3.7 GPa 4.7 CPa 
PO4-Ti08 
linking angles 
P1-03-Ti2 129.6(2) 131.0(7) 129.8(7) 128.2(7) 128.1(5) 
P2-07-Ti2 130.3(2) 132.9(9) 130.3(9) 126.6(9) 128.9(9) 
•P1-04-Ti2 134.8(2) 132.9(7) 132.3(7) 131.9(7) 132.4(6) 
P2-06-Til 135.9(2) 136.6(9) 136.1(9) 134.8(9) 134.8(9) 
Til-0T2-M 133.4(2) 134.6(9) 133.6(8) 134.3(8) 133.5(7) 
Table 4.4: Selected P-0-Ti and Ti-OT-Ti bond angles (°) in KTiOPO 4 as a 
function of pressure. The ambient pressure (AP) values were calculated from 
the refined atomic fractional coordinates of Thomas et al (1990). 
5° over the same pressure range (see table 4.4). (This is less than 20% of the 
angular change of 6.1° at 1 Gpa reported by Stucky et at (1989) for an unspecified 
P-0-Ti bond.) All the other P-0-Ti bonds have angular changes of approximately 
2° or less, as do the Ti-OT-Ti bonds which link the titanium octahedra (the P1-
04-Ti2, P2-06-Til and Til-0T2-Ti2 linking bonds are given as examples in table 
4.4). 
The overall distortion of the Ti(1)0 6 and Ti(2)06 octahedra appears to be re-
tamed up to 4.7 CPa in as much as the general pattern of long and short Ti-O 
bond lengths remains the same (as can be seen from table 4.2) and the O-Ti-O 
bonds, within the octahedra, have angular changes of only 2° or less. The anoma-
lously short Ti-OT bonds within the highly distorted Ti06 octahedra have been 
considered to be linked to the non-linear optical properties of KTP and are con-
sequently of great interest (Tordj man et at (1974)). From table 4.2 it is evident 
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that the Til-0T2 and Ti2-0T2 bond lengths both undergo systematic changes 
under pressure. The longer of the two, Ti2-0T2, clearly reduces in length while 
the shorter one, Til-0T2, appears to increase slightly, as shown in figure 4.6. (In 
the case of Til-0T2 there is a significant offset between the values obtained at 
ambient pressure and 0.2 GPa. The trend in this bond length is taken relative 
to the 0.2 GPa reference point.) These changes reduce the difference between the 
Til-0T2 and the Ti2-0T2 bond lengths by around 20%, but the Til-OT1 and 
the Ti2-OT1 bonds appear to retain their bond length difference; it would now be 
of interest to find out whether there is any accompanying variation in the second-
harmonic generating (SHG) properties as a function of pressure. From table 4.2, 
it is also evident that the relatively long Til-05 and Ti2-03 bonds undergo sig-
nificant shortening under pressure (relative to the 0.2 GPa values). As indicated 
above, however, the shortening of these bonds does not significantly reduce the 
overall distortions of the Ti0 6 octahedra. 
The orientation of the Ti-O bonds, as well as the variation of their bond lengths 
is also considered to be important for the non-linear optical properties of the 
KTP structure (Thomas et a! (1990), Hansen et al (1988), Sastry (1991)). In 
the calculation of the geometrical contribution of the structure to the non-linear 
tensor coefficients, the orientations of the bonds participate through products of 
their direction cosines. Briefly summarized, a tensor component of the second-
order susceptibility is given by 
cell 
d3k = >
gb pb/V 	 (4.8) 
b 
where V is the volume of the unit cell, p1'  is the longitudinal bond polarizability 
of the bth bond (with the transverse component set to zero) and the term for 
a bond is given by 
= COS(V)COS(V 3 )COS(L'k) 	 (4.9) 
where the direction cosines are calculated with respect to the crystallographic axis. 
For the KTP structure there is a strong inherent asymmetry in the summation 
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Figure 4.6: The Ti2-0T2 and Til-0T2 bond lengths in KTiOPO 4 as a function 
of pressure. The ambient pressure values, shown as 9 , are calculated from the 
fractional coordinates of Thomas et at (1990). The lines indicate the changes in 
the bonds and are a guide to the eye only. 
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over theterms due to the presence of the long and short Ti-O bonds in the 
highly distorted •Ti06  octahedra. In the calculations performed by Hansen et 
al (1988), this asymmetry was exploited by including only five of the six Ti-O 
bonds in each octahedra (omitting the 2.150 and 2.094A bonds) and assigning the 
anomalously short Ti-O bonds as higher contributors. With this approach, the 
tensor component d333 is given by a two term equation of the form 
d 3 = [-2.34p' + 1.64p 2 J/VKTp 	 (4.10) 
where (l)  and (2)  refer to the bond polarizabilities of the short- and medium-
length Ti-O bonds respectively, neglecting the K-0 and the P-O bonds which are 
not expected to contribute significantly (Zumsteg at at (1976)). From experimen-
tally determined values of the single-crystal dijk, Hansen et al (1988) calculated 
that p( 1 )=14xp 2) and, therefore, the contribution of the anomalously short Ti-0 
bonds to d333 is significantly greater than the other bonds in the Ti0 6 octahedra. 
At the pressures of 0.2, 2.2, 3.7 and 4.7 GPa the pre-multiplier of (') has the 
values -2.34, -2.35, -2.37 and -2.40 respectively, giving an overall change of only 
2.5% as the phase transition is approached. Therefore, although the Ti0 6 octa-
hedra appear to be tilting with respect to the PO 4 tetrahedra, the magnitude of 
this re-orientation does not affect the summation of the direction cosines for the 
anomalously short Ti-0 bonds significantly. 
As already outlined, the KTP structure assumes a pronounced pseudosymmetry 
derived from the centric Pnan space group (Thomas et at (1990)), and it is of 
interest to examine how the structure moves with respect to this space group as 
the phase transition at 5.5 GPa is approached. In order to do so the Missym 
computer program (Thomas et at (1990), Le Page (1988)) was utilized to com-
pare the refined coordinates with the pseudosymetry at all four pressures. The 
degree of pseudosymmetry was found to remain almost constant and, therefore, 
the structure neither appeared to be moving significantly towards or away from 
the prototypic Pnan phase. It is also interesting to note that the Missym program 
did not indicate an approach towards any other pseudosymmetries at 4.7 GPa, 
suggesting that the structural transition is first-order in character. 
The deformation of the Ti0 6-PO4 framework is not accompanied by a significant 
movement of the titanium atoms (table 4.1) although, as already indicated, there 
is a clear movement of the phosphorus atoms and a change in the P-0-Ti bond 
angles. Since the 0-Ti-0 angles show changes of 2° or less (to 4.7 GPa) the 
titanium octahedra remain fairly rigid in shape. Therefore, the movement of 
the ,phosphorus atoms relative to the stationary titanium atoms, coupled with 
the angular changes in the P-0-Ti linking bond angles, suggest that the Ti0 6 
octahedra are tilting relative to the PO 4 tetrahedra. 
The observed structural changes of KTP as it approaches its phase transition are 
similar in kind to those of the plagioclase feldspar anorthite CaAl 2 SI 2 O8 which 
exhibits a first-order structural phase transition at 2.6 GPa (Angel (1988)). 
Although the refinements of the low-pressure structure were undertaken in the II 
symmetry, so that the reported bond-lengths and bond-angles are an average of 
two parts of the structure which are nearly, but not quite, related by an I-lattice 
vector (, ., ) and are not true values, it is, nevertheless, instructive to examine 
the general structural changes both before and after the phase transition. All of 
the feldspars have crystal structures consisting of a three-dimensional framework 
of corner-linked A10 4 and SiO4 tetrahedra. In the case of anorthite, cavities 
formed in the framework, which are analogous to the cage sites of KTP, contain 
Ca atoms. The mechanism for the transition, from the low pressure PT structure 
to the Ii high-pressure structure, is tilting of the essentially rigid tetrahedra of 
the framework. The resulting deformation of the framework from the ambient 
structure apparently reflects a need to accommodate both the applied pressure and 
the large Ca cations within the cavities of the framework. Initially the volumes 
of the cavities, as defined by the eight closest oxygen positions, decrease under 
pressure in a manner similar to that of the cage sites in KTP. After the transition 
the volume of the cavities increases again as the framework tetrahedra suddenly tilt 
into new orientations. The tilting of the tetrahedra manifests itself as a change of 
the T-0-T (Al,Si-0-Al,Si) bond angles, which link neighbouring tetrahedra. The 
magnitudes of the T-0-T bond angle changes between atmospheric pressure and 
the phase transition are of the same order as those for the P-0-Ti linking bonds of 
KTP. After the transition in anorthite, however, there is a sudden angular change 
of the linking bonds with one such bond exhibiting an increase of 17°, where it had 
initially decreased by only 2° as the phase transition was approached. It is also 
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interesting to note that the Ca atom environments, or rather the potential well 
within each cavity, show a marked change above the phase transition. In the low-
pressure phase the potential within the cavities is wide and relatively flat while 
above the transition the potential becomes significantly sharper. Although the 
KTP cage sites are quite different from the anorthite cavities, the high-pressure 
Raman study and the present high-pressure structural study both indicate that 
the potential well within the cage sites also becomes sharper after the transition, 
in as much as the initially softening 56cm 1 mode becomes stiffer. However, as will 
be shown later in this chapter, the K-cage sites exhibit a behaviour quite different 
from that shown by anorthite, where the volume of the Ca cavities remained about 
the same, if not increased. 
The observed decrease of the K-cage site volumes under pressure intuitively sug-
gests that the potential experienced by the 1< atoms will sharpen under pressure, 
thereby coupling the motion of the K atoms more closely to that of the cage 
oxygens. But in the absence of a detailed analysis of the phonon spectrum it is 
not possible to relate the observed structural changes of KTP with pressure to 
the softening 56cm' A 1 . mode. However, the tilting of the Ti0 6 octahedra rela-
tive to the PO 4 tetrahedra does generally agree with the behaviour proposed by 
Kourouklis et at (1987) as the phase transition is approached. 
4.3 The Crystal Structure of Potassium Titanyl 
Phosphate (KTP) in its high-pressure phase 
4.3.1 The Experiment and Data Collection 
In order to achieve the 5.5 CPa required to place KTP into its high-pressure phase, 
it was found necessary to use a cell of alternative design to that of Merrill and 
Bassett. Although the Merrill-Bassett cell was capable of pressures just in excess 
of 6.0 GPa the pressure was found to be unstable and could not be sustained 
above the required 5.5 GPa. This behaviour was observed in several loadings of 
the cell and was attributed to the diamond seats indenting the beryllium backing 
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plates. A cell of more robust construction (the DXR-4 designed by D. Adams, 
see section 2.3.1) was loaded with a freshly prepared sample of KTP. The crystal 
was cleaved to the dimensions 50 x 100 x 100 ym 3, from the same bulk sample 
of KTP used in the first part of the experiment, and the sample mounted on 
the CAD4 diffractometer. The quality of the crystal was then checked and the 
crystallographic axes determined relative to its regular box-like shape. It was 
found that the faces of the crystal were perpendicular to the crystallographic 
axes and the crystal shape could, therefore, be easily characterised for sample 
absorption correction. The crystal was mounted in the cell with its b- and c-axes 
parallel to the diamond-anvil faces. From the previous study of the low-pressure 
phase, section 4.2, this orientation of the sample was found to give the lowest 
correlations and e.s.d's for the restricted data. A tungsten gasket was used to 
enclose the sample and the ethanol-methanol pressure transmitting fluid. The 
pressure cell was then taken to a pressure of 6.2±0.1 GPa (measured using the 
ruby fluorescence method) to place the sample crystal into the high-pressure phase. 
The cell was mounted on the CAD4 diffractometer and oriented using the same 
indexing scheme as that used for the low-pressure phase, and a search was made 
along the [1 0 0], [1 1 0] and [1 1 1] directions for new reflections. No new 
reflections were found in the survey; the unit cell appears to remain primitive, 
with axes parallel to the low-pressure phase. 
As a final check that the unit-cell had been determined correctly, the pressure cell 
was oriented on the diffractometer so that the unit-cell of the sample was aligned 
with respect to the goniometer-head and a series of precession photographs were 
taken, with exposure times of approximately 48 hours. The photographs, for 
reciprocal lattice layers parallel to the (0 k 1) plane, showed no new reflections 
strong enough to be detected on film although a number of reflections exhibited 
very large intensity changes after the transition. The original Merrill-Bassett cell 
loading also gave a useful exposure of the (h 0 1) reciprocal lattice plane. As 
the cell could only hold the sample in the high-pressure phase for only a few 
hours, the exposure time was limited to approximately 12 hours, nevertheless, 
no new reflections were apparent and the intensities of several reflections showed 
significant intensity differences compared to corresponding reflections in precession 
photographs taken just below the transition. A comparison of the above and 
below the transition photographs also indicated that the c-axis had undergone a 
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relatively large contraction which was estimated to be, from the measurement of 
the distance between spots on the photographs, in the order of 0.5A. 
The unit-cell dimensions were then determined accurately, on the diffractome-
ter, by the four-equivalent-settings procedure of King and Finger (1979) and 
found to be a=12.477(9)A b=6.322(3)A c=10.058(4)A giving a unit-cell volume 
V=793(1)A. Comparing these values with an extrapolation to 6.2 GPa from the 
unit-cell measurements of the low-pressure phase (table 4.1, figure 4.7) indicates 
that there is a 4.2±0.2% volume reduction at the phase transition. The tran-
sition is, therefore, strongly first-order. Intensity data were collected with the 
w-scan method at the position of least attenuation of the pressure cell, accord-
ing to the fixed-(k technique (Finger and King (1978)). All accessible reflections 
in the hemisphere ±h, k,±l up to a maximum sinO/A of 0.59A -1 , totalling 1056, 
were measured with graphite-monochromated MoKa radiation. Although it would 
have been desirable to collect the data with Ag Ka radiation this was not possi-
ble due to the inadequate shielding of the CAD4 diffractometer, belonging to the 
Chemistry Department of The University of Edinburgh, which had been borrowed 
for the experiment. A time constraint also prevented the use of the three-point 
-scan procedure (described in section 3.2.3) to detect those reflections affected 
by simultaneous diffraction by the diamond anvils. However, as will be shown in 
the following section, the data proved to be of sufficient quality, and resolution, 
to allow the full structure to be determined with good precision on the structural 
parameters. 
4.3.2 Data Analysis and Structure Solution 
The intensities were extracted from the reflection profiles using the method of 
Lehmann and Larsen (1974) and corrected for sample absorption. The reflections 
were then grouped into (0 k 1), (h 0 1) and (h k 0) layers and the following 
systematic absences observed:- 
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UNIT CELL VOLUME 
Figure 4.7: The unit-cell volume of KTiOPO 4 as a function of pressure both above 
() and below (0) the phase transitionc Note that errors are smaller than the 
symbols shown. The line is fitted to the points measured in the low-pressure phase 
using a Murnaghan function. 
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reflections absence condition 
h k 1 	no condition 
Oki k+1=2n + 1 
hOl h=2n+1 




The systematic absences appear to be consistent with either the Pna2 1 or Pnam 
space groups. Although the orientation of the sample within the pressure cell 
restricted observation of the h 0 1 layer of reflections, a sufficient number of sys-
tematic absences could be,'scanned to suggest that the a-glide was present. At 
this stage an attempt was made to develop a model with the Pnam space group. 
However, a satisfactory model could not be found since the atoms would have to 
undergo unrealistically large movements to conform to the mirror plane. These 
movements would require severe disruption of the Ti0 6-PO4 framework and the 
breaking of several bonds. For example, if the mirror plane is placed through the 
Ti(2)08-P(1)04 chain the Ti(1)0 8-P(2)0 4 chain must be translated parallel to 
the a-axis to conform with the mirror symmetry. This translation would require 
a shift of at least 1.6A for the Til and P2 atoms and the break up of the P-0-Ti 
and Ti-O-Ti linking bonds. 
If the Pnam spacegroup is discounted, the systematic absences suggest that the 
structure retains the Pna2 1 symmetry (or has a very strong Pna2, pseudosymme-
try) and the structure of the high-pressure phase may be closely related to that of 
the low-pressure phase. It therefore seems reasonable, at least as a first attempt, 
to refine the 6.2 CPa data in the Pna2 1 spacegroup with the fractional coordinates 
of the 4.7 CPa structure as starting values. However, such a refinement was found 
to be unstable, and Rw and Cf could not be reduced to less than 0.26 and 5.78 
respectively. The structural model derived from the 4.7 GPa data was, therefore, 
not sufficiently close to allow convergence of the least-squares refinement and the 
Patterson method would be required to develop a suitable starting model for the 
high-pressure phase. The Patterson function is usually expressed in the form 
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P(u,v,w) 	
1 	 00 
IF(hk1)I 2cos21r(hu + kv + 1w) 	(4.11) 
-00 
where V is the volume of the unit cell, F(hkl) is the structure-factor, and u, 
V, w are vector components within the unit cell, and gives information about 
atomic, distances, but not about atomic positions. The derivation and use of 
the Patterson function has been described elsewhere (see for example Lipson and 
Cochran (1966)) and it is not the authors intention to examine it in great detail 
here. However, the use of projected Patterson maps, calculated directly from the 
Patterson function itself, to aid the solution of the high-pressure structure will be 
described below. 
After transforming the observed intensities into structure factors (using the Prometheus 
refinement program of Zucker et al (1983)) the (0 k 1) layer of reflections was used 
to generate a Patterson projection in the (0 v w) plane. A number of reflections 
were removed from the data so that the list of reflections, within the (0 k 1) layer, 
was identical to that of the 0.2 GPa data. This ensured that the 6.2 GPa Patter-
son projection could be compared directly with those of the low-pressure data and 
any differences in the projections arose only from the intensities of the reflections. 
At this stage, the data were not averaged and care had to be taken to ensure that 
any reflections with Friedel mates contributed correctly to the projections. To be 
confident that the contributions had been assigned correctly, the projections were 
calculated using a Fortran program written by the author, which averaged the 
Friedel pairs before the Patterson function was applied. The Patterson projec-
tions were normalised to give an origin height of 11120 and calculated over a grid 
of spacing 	and . Figures 4.8a and 4.8b show the Patterson projections for 20 	20 
the 0.2 CPa and 6.2 GPa data respectively. (The 4.7 GPa Patterson projection 
is almost indistinguishable from that of the 0.2 CPa data and is, therefore, not 
shown.) 
To identify the peaks present in figure 4.8a the 0.2 GPa Patterson projection was 
compared to a structural diagram projected onto the (1 0 0) plane. From this 
structural projection, shown in figure 4.9, it is clear that the peaks observed in 
the 0.2 GPa Patterson projection arise from sets of overlapping vectors. The peak 























































Figure 4.8: Patterson projections in the (0 v w) plane for (a) the 0.2 GPa data 
and (b) for the 6.2 GPa data. The origin of the peaks labelled (a), (b), (c), (d) 
and (e) is given in the text. 
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P(1)04 chains, while peak (c) arises from vectors between atoms in neighbouring 
Ti(1)06-P(2)04 chains overlapping with (Ti,P,O)—K vectors. The other features 
in the Patterson projection, labeled (d) and (e), are formed from several sets of 
overlapping (K,Ti,P,O)—K vectors. 
If the Patterson projection for the 6.2 GPa data (figure 4.8b) is now examined it 
is apparent that many of the features of the 0.2 GPa projection are retained. As 
expected, the projections both have mirror symmetry perpendicular to the v and 
w directions, indicating that the Laue symmetry is mmm, and the positions of the 
origin peaks are consistent with an n-glide perpendicular to the a-axis. However, 
it is apparent that there are some differences in the positions and heights of the 
Patterson peaks themselves. Perhaps the most obvious changes can be observed 
in the peaks labeled (c) and (e) which both show pronounced changes in height. 
The height of peak (e) has increased by 1593 and the height of peak (c) has 
decreased by a similar magnitude. Indeed, it appears that some of the vectors 
associated with peak (c) have merged with those of peak (e), which has also 
shifted significantly along the w-direction. As was explained above, both of these 
peaks arise from sets of overlapping vectors involving the potassium atoms and, 
therefore, it can be expected that the potassium atoms undergo pronounced shifts 
in the structure. In order to determine the magnitudes of these shifts, a series 
of Patterson projections were simulated from the fractional coordinates of the 0.2 
GPa model. The z-coordinates of the potassium atoms were varied so that the 
simulated Patterson projections could be matched as closely as possible to that 
of the 6.2 CPa data. Figure 4.10 shows the Patterson projection obtained by 
shifting both the Ki and K2 atoms along the z-axis by 0.03 (in terms of fractional 
coordinates) from their 0.2 GPa values. Although there are some differences in 
the peak shapes, the position and height of the peaks are now much closer to what 
was observed with the 6.2 CPa data and indicates that the y- and z-coordinates 
must be in reasonable agreement with their true values. 
The (0 k 1) layer of data was now refined using the fractional coordinates of the 
simulated Patterson projection as starting values. Refining only the scale and 
the y- and z-coordinates, an Rw of 0.087 and a Cf of 1.97 were achieved. The 
Patterson projection obtained from the calculated structure factors is shown in 



































Figure 4.9: The structure of KTiOPO 4 viewed along the a-axis. The shaded 
circles represent the titanium atoms. Note that the bonds have been omitted for 
clarity. As the Patterson projections are drawn so that the v and w axes have the 
same length, the lengths of the b and c axes are also set to be the same so that 
a direct comparison can be made between the low-pressure structure and the 0.2 




























Figure 4.10: Simulated Patterson projection in the (0 v w) plane for both the Ki 
and K2 atoms shifted along the z-axis by 0.03 (in terms of fractional coordintes) 
from their 0.2 GPa values. 
agreement has been obtained and only very minor differences remain in the peak 
shapes. Indeed, an examination of the Fourier difference map for the (0 k I) layer 
of data (see figures 4.12a and 4.12b) indicates no significant features above the 
general background noise. With the projected structure essentially determined, 
the full data set was now re-examined. 
Although it would have been desirable to determine the x-coordinates from Pat-
terson projections of the (h k 0) or the (h 0 1) layers of data, the restrictions 
imposed by the pressure cell, on the number of observable reflections (see section 
2.3.1), gave an appreciable loss of information from the projections. The resolu-
tion along the u-direction was also severly limited. To gain Patterson projections 
of acceptable quality would have required another data collection with the crystal 
mounted with either the b- or c-axis perpendicular to the diamond-anvil face, so 
that a complete layer of data could be collected. However, a further data collec-
tion was not required since it was found that the full data set could now be refined 
successfully. For this refinement the y- and z-coordinates determined from refine-



























Figure 4.11: Patterson projection in the (0 v w) plane from the calculated structure 
factors obtained from the refinement of the (0 k I) layer of data. 
taken as starting values. Varying only the fractional coordinates and the scale, the 
refinement converged to give an Rw and Gf of 0.11 and 2.52 respectively. Since a 
reasonable fit to the full data set had been been achieved, thermal parameters and 
an extinction correction were now refined. The potassium atoms were refined with 
anisotropic thermal parameters (the parameters for the atomic motion directed 
along a, the direction of lowest resolution in the data, were constrained to their 
ambient values) and the other atoms were refined with isotropic thermal param-
eters. After further refinement the data were searched for reflections affected by 
gasket occlusion and simultaneous diamond reflection. A total of 55 reflections, 
approximately 5% of the data, were found to be affected in this way and were 
excluded from the refinements. The fit had now been improved considerably and 
an Rw of 0.054 and a Gf of 1.24 were obtained. 
In order to check that the refined structure was sensible, bond lengths and bond 
angles were calculated for the Ti0 6 octahedra and PO 4 tetrahedra. These struc-
tural units were found to have internal bond lengths and bond angles very similar 
to those of the low-pressure structure. The refinement was also repeated with 
the same list of reflections as that of the 0.2 GPa data set and with the same 
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Figure 4.12: Fourier difference maps for (a) the 0.2 GPa structure, and (b) for the 
refinement where only the y- and z-coordinates were varied, with respect to the 
6.2 GPa (0 k 1) layer of data. 
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constraints on the thermal parameters. The fit to the data, for this refinement, 
compared well with the fits obtained from refinements of the low-pressure phase. 
At this stage the structure was considered to be fully determined (at least as an 
average structure) and attention was now turned to other possible space groups 
of lower symmetry. 
If the true symmetry of KTP were lower than Pna2 1 as proposed by Kourouklis 
et a! (1987) from their high-pressure Raman study, the structure would have to 
be only slightly distorted from the one refined in the Pna2 1 space group so that 
the apparently absent reflections are in fact present but too weak to be observed. 
The only space groups allowing such a small distortion of the structure, and not 
introducing further reflection conditions, are monoclinic Pn, Pa and P2 1 .(Note 
that Pn and Pa are different settings of the monoclinic space group Pc.) Using 
the coordinates refined with the Pna2 1 space group, model structures were gener-
ated for all three of these space groups, which each required twice the number of 
refinable atoms. The additional atoms were generated by performing one of the 
missing symmetry operators from the Pna2 1 space group. The model structures 
were then refined using the same list of reflections, and with the same types of 
thermal parameters, as that for the Pna2 1 refinement. However, the refinements 
did not give a significantly better fit to the data and the atomic positions differed 
by less than o.iA from their Pna2 1 positions. It appears, then, that the Pna2 1 
space group is retained after the phase transition, unless there is twinning not 
resolvable in this experiment. 
The Pna2 1 refinement was completed by removing the systematically absent reflec-
tions from the data and averaging over symmetry-equivalent reflections, after their 
intensities had been corrected for extinction. The oxygen atoms were all refined 
with isotropic thermal parameters while the potassium, titanium and phosphorus 
atoms were refined with anisotropic thermal parameters (the parameters for the 
atomic motion directed along a were constrained to their ambient values). Similar 
constraints were applied to the low-pressure refinements (section 4.2.1) and were 
shown not to bias the refinement of the positional parameters significantly. The 
final cycle of refinement resulted in an Rw and Gf of 3.6 and 1.13 respectively for 
533 independent reflections and 88 refinable parameters. 
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4.3.3 Results and Discussion 
Table 4.5 presents the refined atomic coordinates and the structure is shown in 
figure 4.13. In order to allow a direct comparison of the ambient and high-pressure 
structures, the orientation of figure 4.13 has been made the same as that of figure 
4.1. The bond lengths of the 1< cages, Ti octahedra and P tetrahedra derived from 
the refinement are given in table 4.6. 
The main structural changes involve the n-glide related Ti(2)0 6-P(1)0 4 chains 
(labelled CH1 and CH2 in figure 4.13), which exhibit parallel/ antiparallel trans-
lations along the a-axis. The cross-linking Ti(1)0 6-P(2)0 4 chains (which are 
directed along the b-axis) are rotated by the relative shifts of the Ti(2)0 6-P(1)04 
chains. Within the chains there is a pronounced tilting of the Ti0 6 octahedra with 
respect to the PO 4 tetrahedra, with a considerably larger change in their relative 
orientation than is observed between ambient pressure and the phase transition. 
For example, as can be seen from table 4.7, the P1-02-Til and the P2-08-Ti2 
bonds exhibit an angular change of 4.00  and 5.7° respectively at the phase transi-
tion where they had only shown angular changes of approximately 1.50  and 2.0° as 
the transition is approached. It is also interesting to note that the Til-0T2-M 
bond, which links neighbouring Ti0 6 octahedra, exhibits a 6.5° angular change 
at the transition which is significantly larger than 0.3° change shown between 0.2 
and 4.7 CPa (see table 4.7). 
The overall shape and distortions of the Ti0 6 octahedra remain almost unchanged 
by the phase transition and the distribution of the long, intermediate and short 
bonds is the same as in the low-pressure phase. In particular the anomalously short 
bonds are retained, although the transition has reduced the difference between the 
Til-OT1 and Ti2-OT1 bonds and the difference between the Til-0T2 and Ti2-
0T2 bonds by about 30% and 15% respectively from their 4.7 GPa values. The 
pronounced tilting of the Ti06 octahedra with respect to the PO 4 tetrahedra, 
combined with some significant bond angle changes within the Ti06 octahedra 
themselves, results in a re-orientation of the anomalously short Ti-O bonds which 
is significantly larger than that observed as the phase transition is approached. 
Indeed, the pre-multiplier of (') (see equation 4.3) is reduced to a value of -1.20, 
corresponding to a reduction of about 50% with respect to the 4.7 CPa value. 
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x y z 
Xl 0.3953(7) 0.7780(4) 0.6314(4) 
K2 0.1146(6) 0.7001(4) 0.8667(4) 
L1 1 0.3718(4) 0.4894(3) -0.0004 
7i2 0.2800(5) 0.2572(3) 0.7240(3) 
P1 0.5296(8) 0.3218(4) 0.7623(4) 
P2 0.1798(6) 0.4810(4) 0.4784(3) 
01 0.5134(15) 0.4177(11) 0.8973(7) 
02 0.5452(15) 0.5043(10) 0.6625(7) 
03 0.4373(21) 0.1848(11) 0.7130(9) 
04 0.6246(19) 0.1795(12) 0.7590(9) 
OT1 0.1913(16) 0.9728(9) 0.3269(6) 
0T2 0.2510(17) 0.0398(9) 0.5783(7) 
05 0.0998(15) 0.2982(11) 0.4702(7) 
06 0.1218(15) 0.6777(12) 0.5285(8) 
07 0.2300(16) 0.5126(9) 0.3390(7) 
08 0.2754(15) 0.4380(9) 0.5672(6) 
Table 4.5: Atomic coordinates of KTIOPO 4 at 6.2 GPa. The estimated standard 
deviations (ESDs) are given in parentheses. Note that the Prometheus refinement 
program requires that one atom is fixed along the polar axis. The Til z coordinate 
was chosen to be fixed to the same value used in the low-pressure study, and so 




Figure 4.13: The high-pressure structure of KTiOPO 4 viewed along the b-axis. 
The shaded circles represent the titanium atoms and the Ti0 6-PO4 chains labelled 
CH1 and CH2 exhibit parallel /anti parallel translations along the a-axis, in the 
directions indicated by the arrows. This figure can be compared directly with 
figure 4.1 to reveal the deformation of the potassium cage site environments and 
the pronounced movements of the potassium atoms along the c-axis. 
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K(1)0 8  K(2)0 9 
Ki-Ol 2.893(10) K2-01 2.744(12) 
K1-02 2.567(15) K2-02 2.909(10) 
K1-03 2.749(9) K2-03 3.634(18) 
K1-05 3.410(8) K2-04 2.636(8) 
K1-07 3.000(12) K2-05 2.870(19) 
K1-08 2.698(12) K2-07 2.782(15) 
K1-OT1 2.959(10) K2-08 2.865(11) 
K1-0T2 2.504(18) K2-OT1 2.844(19) 
K2-0T2 2.892(14) 
Ti(1)06 Ti(2)06 
Til-01 2.094(17) Ti2-03 2.019(26) 
Ti1-02 1.934(12) Ti2-04 2.010(23) 
Til-05 2.006(7) T12-07 1.935(6) 
Ti1-06 1.994(7) Ti2-08 1.949(6) 
Til-OT1 1.911(10) Ti2-OT1 1.748(7) 
Til-0T2 1.754(19) Ti2-0T2 2.042(8) 
P(1)04 P(2)04 
P1-01 1.501(8) P2-05 1.529(15) 
P1-02 1.541(7) P2-06 1.525(12) 
P1-03 1.524(20) P2-07 1.548(11) 
P1-04 1.489(20) P2-08 1.514(16) 
Table 4.6: The bond lengths (A) of the K cages, Ti octahedra, and P tetrahedra 
in KTiOPO4 at 6.2 GPa. 
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4.7 GPa 6.2 GPa 
PO4-TiO3 
linking angles 
P1-02-Til 133.3(8) 129.3(7) 
P2-08-Ti2 133.0(9) 127.3(9) 
Til-0T2-M 133.5(7) 126.93(9) 
Table 4.7: Selected P-0-Ti and Ti-OT-Ti bond angles (°) in KTiOPO 4 at 6.2 
GPa. 
Therefore, from the geometrical contribution of the anomalously short Ti-0 bonds 
alone, neglecting the effects of the relatively large bond length changes, it is to 
be expected that the high-pressure structure will have a significantly poorer SHG 
performance than that of the low-pressure structure. 
Although there are a number of bond-length and bond-angle changes in the Ti0 6 
octahedra at the transition this gives rise to only a 0.1±2% reduction in the average 
volume of the two octahedra. The PO 4 tetrahedra, whose internal bond-lengths 
and bond-angles exhibit almost no change, have an average volume reduction of a 
similar magnitude. It appears then that the potassium cage sites, which show an 
average volume reduction of 11.9±1%, absorb most of the 4.2±0.2% reduction in 
the unit cell volume at the transition. As was found with the pressure dependence 
of the low-pressure structure, the compression of the K-cages is accompanied by 
significant movements of the potassium atoms themselves along the polar c-axis. 
These movements, which are in the order of 0.5A with respect to the Ti0 6-PO4 
framework, correspond to the K(1) and the K(2) atoms adopting positions that 
are closely n-glide related i.e. if the pseudo n-glide, through z=0, were present 
there would be only one independent K atom described by the average of the K(1) 
and K(2) positions (Thomas (1992)). The distance, L, between the K(2) atomic 
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Table 4.8: The displacements A, L,, & (A) of the K(2) atomic position from 
the pseudo-n-glide related K(1) atomic position, with respect to the crystallo- 
grapic axis. The distance A (A) between these positions is calculated from 
= (z + i. + t)4. The calculations have assumed a pseudo n-glide through 
z=0. 
position and the pseudo n-glide related K(1) atomic position is given in table 4.8 
for both the ambient and high-pressure crystal structures. 
As can be seen from table 4.8, the distance between the pseudo-n-glide related 
K(1) and K(2) positions is reduced to only 0.1865A in the 6.2 GPa structure from 
a distance of 1.3066A in the ambient pressure structure. Much of this reduc-
tion can be attributed to the shifts along the c-axis exhibited by both the K(1) 
and K(2) atoms. This significantly decreases the Z displacement which has the 
largest contribution to the 'distortion' away from the Pnan pseudosymmetry of the 
whole ambient structure, including the Ti0 6-PO4 framework atoms (Thomas et 
al (1990)). In contrast, the framework atoms of the high-pressure structure adopt 
positions that generally increase the distortion from the Pnan pseudosymmetry. 
For example, the distance, z, for pseudo-n-glide related Ti(2) atoms increases 
from 0.2668A at ambient pressure to 0.9177A at 6.2 GPa. This increase can be 
attributed almost exclusively to the relatively large parallel/ antiparallel shifts of 
the Ti(2)06-P(1)0 4  chains with respect to the a-axis. It appears then that at 
least the K-atoms move towards their Pnan-type positions inthe high-pressure 
phase. 
A possible explanation of this behaviour may be found from the recent identifi- 
cation of 'hole sites' in the ambient KTP structure (Thomas and Glazer (1991)). 
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Figure 4.14: The ambient pressure structure of KTiOPO 4 viewed along the b-axis. 
The shaded circles represent the 'hole sites' (see text) labelled h(1) and h(2). 
From inspection of the ambient KTP structure it was found that each K atom 
is highly asymmetrically coordinated by 0 atoms, and that at a short distance 
(about 1.5A) along -c from each K atom there is a vacant site, a hole site (h(1) 
and h(2) in figure 4.14), of similar size and oxygen coordination to the K-site. In 
the high-temperature phase the presence of the n-glide plane causes the pseudo-
symmetrically related K(1) and h(1) (K(2) and h(2)) sites to merge together along 
[0 0 1] at the average high-temperature K atom position. This new K-site would 
be characterised by the absence of the large 'hole' region present in the ambient 
structure. Although a different behaviour is to be expected at high-pressure, the 
smaller K-cage volumes of the high-pressure phase also corresponds to an absence 
of the hole-sites as does the corresponding shift of the K atoms to positions more 
closely related to the pseudo-symmetry (Thomas (1992)). 
The absence of a symmetry change through the 5.5 GPa transition disagrees with 
the interpretation that Kourouklis et a! (1987) make of their high-pressure Raman 
data. The apparent contradiction may be explained if the intensities of weak and 
previously unobserved Raman modes are augmented after the phase transition. 
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This would give rise to an apparent increase of the number of modes without 
changing the crystal symmetry. Although first-order phase transitions retaining 
the crystal symmetry are unusual a number of such transitions have been reported 
in a variety of different elements and compounds. For example, Makarova et 
al (1990) have recently reported a structural phase transition in the compound 
(NH2 ) 2 Se205 at 312K where the P2 1 2 1 2 1 spacegroup is retained, although the 
transition involves an N-H.. 0 hydrogen bond being broken, with only a 0.6% 
reduction in the unit-cell volume. Other notable examples include the pressure-
induced isostructural valence transitions of the rare-earth elements Ce, Sm, Eu 
and Yb and of compounds such as the Eu based EuPd 2 Si 2 , EuNI 2P2 and EuCu 2 Si 2 
(Chandran et al (1992)). 
4.4 Conclusions 
The principal changes of the KTP structure as the phase transition is approached 
are in the region of the relatively compressible K cages. The PO 4 and TiO6 units 
remain rigid in size and shape, and the compression of the cages appears to be 
accommodated by significant buckling of the framework structure, accompanied 
by a pronounced movement of the K2 atom. The observed angular changes in the 
P-Q-Ti linking bonds suggest that the deformation of the structure around the 
cage sites is principally achieved by tilting of the Ti0 6 octahedra relative to the 
PO4 tetrahedra. The other structural changes up to 4.7 GPa are relatively small. 
In particular, the TiO 6 octahedra were found to retain their general distortion 
although there are some small changes in Ti-O distances, including a reduction in 
the difference between the Til-0T2 and Ti2-OT2 bond lengths. 
The structural phase transition has been shown to be strongly first-order in char-
acter with a re-orientation of the Ti0 6 octahedra, with respect to both the PO 4 
tetrahedra and the crystallographic axes, which is much larger in magnitude than 
that observed as the phase transition is approached. This re-orientation reduces 
the pre-multiplier of (') by approximately 50%, and is accompanied by significant 
reductions in the difference between the Til-OT1 and Ti2-OT1 bond lengths and 
the Til-0T2 and Ti2-0T2 bond lengths. Although from the geometrical con- 
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tribution of the anomalously short Ti-O bonds alone it would appear that the 
SHG performance will decrease, it is not known quantitatively how the structural 
changes with pressure will affect the SHG properties of the crystal. It is now 
clearly of interest to determine this, from direct optical measurements. 
The behaviour of the K atoms within their cage sites is particularly interesting 
in as much as they appear to adopt positions, more closely related to the Pnan 
pseudosymmetry, in contrast to the other atoms, within the Ti0 6-PO4 framework, 
which move away from their pseudo-symmetrically related positions. As it appears 
that the hole sites may play an important role in the phase transition (Thomas 
(1992)), it would now be of interest to establish the structural nature of the high-
pressure phase transition in T1TP where the hole sites are expected to be smaller, 
due to the increased atomic volume of the Tl+  cation over that of the K+  cation. 
Certainly, from the Raman studies of Kourouklis et al (1987) and Serhane et al 
(1991), the nature of the high-pressure phase transitions in KTP and T1TP appear 
to be quite different. 
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Chapter 5 
A High-Pressure Structural Study of Potassium 
Dihydrogen Phosphate (KDP) 
5.1 Introduction 
Potassium dihydrogen phosphate, KH 2PO4 (KDP), is a well known representative 
of hydrogen-bonded materials which exhibit hydrogen-ordering structural phase 
transitions, from a paraelectric phase to a ferroelectric or antiferroelectric phase, 
on cooling through the phase transition temperature T. In KDP itself, the 
ambient-temperature paraelectric phase has a tetragonal crystal structure (space 
group 142d), shown in figure 5.1, and the transition to the orthorhombic ferroelec-
tric phase (space group Fdd2) occurs at a T of 122K. Above T the H-atoms are 
50:50 disordered over two sites in 0—H... H-0 bonds, linking neighbouring PO 4 
groups. Upon cooling through T, the H-atoms order onto one site in asymmetric 
0—H... 0 bonds with an accompanying displacement of the heavy atoms along 
the c-axis (Nelmes (1987)). 
The transition temperature is sensitive to the substitution of the hydrogen atom 
with its heavier isotope deuterium, rising to 229K on deuterating KDP to KD 2 PO4 
(DKDP), and also to the application of hydrostatic pressure, T falling by 0.46 
K/GPa in KDP (Samara (1987)). These changes in T, on deuteration and under 
the application of high pressure, have been explained using the tunnelling model 
for the transition (Blinc (1960)) where the H atoms (or the D atoms in DKDP) are 
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Figure 5.1: The tetragonal structure of KH 2PO4 (KDP) viewed along the z axis. 
The K atoms, at positions displaced c/2 from each P atom, are superimposed onto 
the P atoms in this projection. Fractional coordinates along z (fixed by symmme-
try for the K and P atoms) are given for some of the atoms. The bondlengths 2R 
and 6 are also shown. 
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treated as being in a double-welled potential (figure 5.2) and the increase of T on 
deuteration is attributed to the heavier deuterons having a lower tunnelling 
frequency through the potential barrier, between the two minima, than the pro-
tons. This requires that the deuterated material orders at a higher temperature. 
The reduction of T with applied pressure has been assumed to be associated with 
a shortening of the H(D)-bonds which leads to a lower potential barrier separating 
the minima and a correspondingly higher tunnelling frequency. However, accurate 
single-crystal neutron-diffraction structural studies of KDP and DKDP (Nelmes 
(1987)) at both ambient and high pressure have cast doubt on this interpretation 
of the transition and has led to efforts to revise the theory. The structural studies 
have indicated a number of specific problems: the increase in T on deuteration 
is accompanied by significant increases in both the oxygen-oxygen distance (2R) 
and the H-H site separation (5) which are not explicitly taken into account in 
the tunnelling model; both S and 2R decrease under applied pressure, as does T, 
indicating, along with the effects of deuteration, that there could be a relationship 
between the H-bond dimensions and T; the reduction of the 11(D)-bond length 
with pressure is significantly less than was expected, making the explanation for 
the pressure dependence of T uncertain. However, Ichikawa (1981) and Ichikawa 
et al (1987) have shown that for a number of hydrogen-ordering materials, and 
their deuterated isomorphs, their exists a simple empirical, and approximately 
linear, relationship between T and 2R. It was determined that the increase in T 
with deuteration was primarily due to the increase in 2R, without the need of tun-
nelling, and was referred to as the 'geometrical isotope effect' (Ichikawa (1978)). 
A more recent evaluation of high-resolution neutron diffraction results for KDP 
and DKDP (Nelmes (1988)), however, has shown that although the difference in 
T is significantly reduced when KDP and DKDP are compared at the same 2R it 
is still as much as 40K, as can be seen from figure 5.3a. If, on the other hand, the 
comparison is made at the same value of 5, then the difference in T is reduced to 
only 15K, or perhaps less given the uncertainties of the extrapolation, indicating 
that S is possibly the more important geometrical determinant of T. 
It is also apparent, from the extrapolated line on figure 5.3b, that S will decrease 
to approximately 0.22A as T approaches OK, corresponding to a pressure of 1.71 
GPa where the ordered ferroelectric phase of KDP was observed to vanish (Samara 
(1971)). From a recent high-pressure single-crystal neutron diffraction study of 
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Figure 5.2: A schematic drawing of the double-welled potential in which the H 
atoms sit in the paraelectric phase of KH 2 PO4 . 
KDP, conducted at 1.65 GPa and 101< (McMahon (1990)), S was determined to 
be 0.217(23)A and, although the data were of insufficient resolution to show con-
clusively that the H-atom was either ordered or disordered, this is in excellent 
agreement with the extrapolated value. It was concluded that the along-bond 
zero-point thermal motion of each proton at 1.65 GPa and 10K is sufficient to 
carry the proton from one potential minimum to the other, preventing the system 
from ordering - a view consistent with predictions based on earlier high-pressure 
neutron diffraction structural studies (Tibbals et a! (1982)). This observation con-
tradicts the previous interpretation of the phase transition, based on high-pressure 
single-crystal x-ray diffraction studies (Morosin and Samara (1971)), where it was 
suggested that 8—OA as T–*0K, the H-atoms becoming centered on a single site 
in a symmetric O—H—O bond. 
However, very recently Endo et al (1989) have located a structural phase transition 
in KDP at a pressure of 2.7 GPa, at ambient temperature, and have asserted 
that the hydrogen atom is located at the centre of the hydrogen bond above 
the transition, although they could not observe this directly from their high-
pressure single-crystal x-ray diffraction study. The assumption that the H-atoms 
become centered in O—H---O bonds, and hence s-+oA at the phase transition, 
is based on the observation that 2R decreases linearly to 2.45A as the phase 
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Figure 5.3: (a) The variation of T with the O—H—O bondlength, 2R, and (b) 
the variation of T with the H-site separation, 6, in KH 2PO4 (KDP) and KD 2 PO4 
(DKDP). The pressure is given against each point as AP (ambient pressure) or the 
number of GPa applied. Where error bars are not shown, the errors are smaller 
than the size of the symbols used to plot the point. The lines are guides for the 
eye only. 
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jump and then more gradually, as the pressure is increased), a value less than the 
2.47A that Matsushita and Matsubara (1982) have predicted, in their model of the 
hydrogen bond, that the two minima merge to produce an essentially symmetric 
potential with one minimum. The results also support the conclusions of Meyer 
et al (1980), which note that the decrease in 2R is smaller than would be expected 
from the contraction of the a-axis and that the effects of pressure are not confined 
to shortening the overall hydrogen bond length (an assumption made in earlier 
high-pressure studies (Morosin and Samara (1971)). Rather, a rotation of the 
PO4  tetrahedra about their fourfold inversion (4) axes (see figure 5.4) was found 
to take up to approximately 60% of the change in the unit cell dimension, a 
(Meyer et al (1980)). In the study conducted by Endo et al, the rotation angle 
of the PO 4 tetrahedra, represented as 0 in figure 5.4, was found to increase over 
the whole pressure range with a small (approximately 1°) discontinuous increase 
at the phase transition. No significant pressure dependence was found for either 
the 0-P-0 bond angles within the tetrahedra or for the P-0 bondlengths as the 
phase transition was approached, although the P-0 bonds were observed to exhibit 
significant compression after the transition. The abrupt increase in 2R at the 
transition, and its more gradual increase at elevated pressures, was attributed to 
both a decrease in the P-0 bondlengths and an increase in 0 which counteract the 
progressive compression of the a-axis (see figure 5.4). Although the space group 
symmetry does not appear to change at the phase transition, a discontinuity in 
the compressibilty of the unit cell dimensions and, more recently, an anomaly in 
the capacitance of KDP at about 2.5 GPa, measured by Bao et a! (1991), lend 
further evidence that a phase transition occurs. 
In order to determine whether or not the H atoms do indeed become centered 
in symmetric 0—H-0 bonds, and to test the structural changes observed by 
Endo et a! (1989) as the phase transition is approached, a single-crystal neutron-
diffraction structural study was performed as close as possible to the pressure 
region in which the phase transition was expected to occur. This study, which was 
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Figure 5.4: Schematic diagram showing the structural changes observed in 
KH2PO4 under pressure, viewed along the z axis. Only part of the structure 
is shown. (From Endo et al (1989).) 
5.2 The Experiment and Data Analysis 
The experiment was performed on the D9B diffractometer using the Ahsbahs de-
sign of pressure cell, described in section 2.3.1, and a PSD. The sample crystal 
was approximately cylindrical in shape, with a diameter of 1.1mm and a thickness 
of 0.7mm and was cut from a larger crystal purchased from Lasermetrics Incorpo-
rated, New Jersey. The sample was mounted in the cell with its crystallographic 
b-axis perpendicular to the anvils and a Ti-Zr gasket used to enclose both the 
sample and the deuterated methanol pressure transmitting fluid. As the pressure 
cell was equipped with steel anvils, to enable it to attain a pressure in the region 
of 3.0 GPa, the ruby fluorescence method could not be used to determine the pres-
sure and, instead, the cell was loaded with a pressurizing force (on a hydraulic 
press in Marburg by Drs W.F. Kuhs and H. Ahsbahs) estimated to be sufficient 
to place the sample close to the phase transition. Subsequent measurements of 
the cell dimensions at the ILL would then allow the pressure to be determined 
from the known equation of state. 
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Before the cell was mounted on the D9B diffractometer the monochromator was 
set to give a wavelength of approximately 0.7A. This was then calibrated accu-
rately using the germanium standard crystal and found to be 0.6978(1)A for a 
total of 40 centered reflections, including a number of reflections measured at 
negative 0 values to allow the diffractometer offsets to be determined. With the 
detector monitoring the germanium (3 j 3) reflection, both the collimator and the 
PSD entrance aperture were adjusted to maximise the detected signal. As the 
standard crystal had been accurately centered on the diffractometer, using opti-
cal techniques, this ensured that the collimator and the detector aperture were 
directed at the centre of the goniometer circles. 
With the wavelength calibrated and the diffractometer aligned, the Ahsbahs pres-
sure cell was mounted on D9B and roughly centered using two micrometer gauges 
clamped to the x circle. A search was then made for sample reflections and from 
these an initial UB derived. By monitoring the intensities of the (2 0 0), (0 2 0) 
and (0 0 8) reflections, using the micrometer gauges as a reference, the sample 
was carefully aligned on the diffractometer so that the maximum intensity for 
each reflection was recorded. The reflections were then recentered, along with a 
number of new reflections, and their setting angles, which deviated from their cal-
culated values by the same magnitude (about 0.02°) as those from the germanium 
standard, confirmed that the sample had been placed accurately at the centre of 
the diffractometer. An improved UB was derived and from the refined unit cell 
dimensions, which had a relatively low precision at this early stage, the pressure 
was estimated to be in the region of about 2.7 OPa, a pressure deemed to place 
the sample sufficiently close to the phase transition for a data collection to be 
attempted with this loading of the cell. However, before data collection could 
proceed a number of tests had to be performed on the collimator aperture to en-
sure that the sample was completely bathed in a uniform beam of monochromated 
neutrons. This was achieved by performing a series of intensity measurements, 
on a number of selected reflections, with a range of different aperture diameters. 
From these measurements, it was determined that an aperture with a diameter 
of 4.1mm would be required to keep the signal to noise ratio to a minimum with-
out affecting the sample illumination. Although it is common practice to test 
the detector aperture with the same procedure, this is only necessary for a single 
detector as the PSD allows an 'aperture' to be set electronically by restricting in- 
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tensity integration to pixels immediately around the sample reflection spot. The 
aperture placed in front of the PSD, therefore, is only used to ensure that the de-
tection of background radiation is kept to a minimum but allowing each pixel on 
the detector surface to have an unrestricted view of the sample. In this experiment 
a detector aperture of 13mm was used. 
Data were collected with u.'-scans in a series of shells, covering a quarter of re-
ciprocal space (+h, +k, ±1), for 00<0<150, 150  <9<20 0 and 200 <0<300 , and, as 
the hydrogen bonds lie mainly in the plane perpendicular to the c-axis, (+h, +k, 
0) reflections were collected to a slightly higher resolution for 0 0 <0<450 . The 
scan profiles were then converted into integrated intensities using the method of 
Wilkinson et a! (1988). In order to allow the intensity of weak reflections to be 
integrated accurately, a library of strong reflections (whose ellipsoidal peakshapes 
were well defined and could be easily fitted) was updated at each stage of the data 
collection to provide reference peakshape parameters as a function of 0. By inter-
polating between these peakshape parameters, the integration region, in terms of 
pixels, can be defined for each of the intensity scans containing a weak reflection. 
The library of strong reflections can also be used to accurately refine both the UB 
matrix and the unit cell dimensions as each scan profile, collected with a PSD, 
contains all the information required to determine the reflections setting angles 
(see section 2.4.2). 
Initial refinements of the data were undertaken with the tetragonal (142d) crystal 
structure and indicated that high ±1 indexed reflections gave a relatively poor 
fit with a number of reflections differing by more than 5a from their calculated 
values, where a is the estimated standard deviation (esd) from counting statistics. 
However, reflections close to the (h k 0) reciprocal lattice plane (i.e. those reflec-
tions near to the plane of the anvil faces) gave fits to an acceptable 2a level and 
indicated that, although the data were of good quality, there were problems with 
the absorption correction for the pressure cell, particularly for reflections mea-
sured with x  close to ±900.  The absorption correction was initially determined by 
measuring the pathlengths of the incident and diffracted beams through the Ti-Zr 
gasket and steel anvils from an enlarged drawing (figure 5.5a), assuming that the 
gasket had not deformed significantly while the pressurising force had been ap-
plied. However, this assumption does not take account of the displacement of the 
- 
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sample towards the midpoint of the gasket hole, when the anvils are advanced to 
increase the pressure, and will result in an erroneous estimation of the absorption 
correction for reflections measured at negative x settings of the diffractometer. 
In order to determine how this sample displacement affected the pathlengths of 
the diffracted and incident beams through the anvil and gasket materials, several 
reflections were measured, at both negative and positive x, for various values of y 
(where -y = sin'(sinwsinx) and is the angle that both the incident and diffracted 
beams subtend with the plane of the gasket). The background measurements for 
the positive and negative x reflections, when compared at the same values of 'y, 
were very similar, indicating that the path lengths through the gasket and anvils 
must be almost identical. This was taken to indicate that the sample was placed 
almost at the midpoint of the gasket so that it is close to bridging between the two 
anvils. A revised absorption correction diagram was then drawn (shown in figure 
5.5b) where the gasket was assumed to be symmetrically compressed and the sam-
ple crystal was within about 100pm from the midpoint between the anvils. The 
resulting absorption correction, which was applied to the data by a program writ-
ten by R. Dorwarth of The University of Karlsruhe, was much more satisfactory 
and eliminated the systematic errors in reflections with high ±1 indices. 
Refinement of the data collected to this point were used to generate a list of 
the strongest reflections in the region 30'<0<45' and those reflections which the 
leverage procedure (Prince and Nicholson (1985)) had shown to be most sensitive 
to the uij thermal parameters of the hydrogen atoms. These reflections were 
then collected to give a final total of 743 reflections, of which 677 were non-
identical, measured to sin9/A=1.01A'. After correcting the data for anisotropic 
extinction all reflections were averaged over their symmetry equivalents to yield 
a total of 216 independent reflections. The data were refined with anisotropic 
thermal parameters for all the atoms and with the hydrogen atoms modelled over 
two sites (each with a 50% occupancy), giving an Rw and Gf of 0.069 and 1.22 
respectively for 19 refinable parameters. Finally, the library of strong reflections 
was used to refine the cell dimensions and, from the known compressibility of 
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Figure 5.5: (a) The anvil and gasket geometry used for the initial absorption 
correction and (b) the anvil and gasket geometry used for the improved absorption 
correction (see text). 
5.3 Results and Discussion 
The unit cell dimensions, the refined atomic coordinates, the hydrogen bond di-
mensions and the P-O bond length are given in table 5.1 along with the single 
crystal neutron diffraction results of Tun et a! (1988) and Tibbals et a! (1982), at 
ambient pressure and 1.65 GPa respectively, for comparison. For completeness the 
results of the 2.6 GPa single-crystal x-ray diffraction study conducted by Endo et 
a! (1989) are also given. The O-P-O bond angle and the structural parameters 0, 
and t, which will be defined later, are also given at the foot of table 5.1. 
It is apparent, upon examination of table 5.1, that the refined positional param-
eters for the oxygen atoms are in excellent agreement with the 2.6 GPa values of 
Endo et al as is the oxygen-oxygen distance, 2R, all agreeing to within about a. 
A close examination of Endo et al's data reveals that the discontinuous behaviour 
of the structure could occur between 2.6 GPa and 3.2 GPa and, therefore, the 
agreement between the refined values of the present study and the 2.6 GPa values 
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AP 1.65 GPa 2.9 GPa 2.6 CPa 
a (A) 7.4521(4) 7.329(3) 7.2703(19) 7.278(2) 
(A) 6.974(2) 6.856(3) 6.7877(30) 6.807(3) 
X(0) 0.14839(4) 0.1526(1) 0.1536(6) 0.1539(15) 
Y(0) 0.08263(4) 0.0816(1) 0.0813(7) 0.0812(17) 
Z(0) 0.12586(5) 0.1267(2) 0.1288(11) 0.1297(15) 
x(H) 0.14762(15) 0.1526 0.1588(15) 
y(H) 0.22582(20) 0.2286(7) 0.232(3) 
z(H) 0.12098(63) 0.1224(12) 0.121(9) 
211 (A) 2.4946(6) 2.469(3) 2.452(9) 2.457(24) 
5 (A) 0.3647(28) 0.315(11) 0.27(4) 
P-O (A) 1.5403(4) 1.537(2) 1.537(5) 1.544(11) 
O-P-0 (°) 110.52(3) 111.25(13) 110.75(50) 110.3(8) 
o (°) 60.89(1) 61.87(4) 62.11(29) 62.2(7) 
ON 0.265(19) 0.52(6) 1.16(36) 1.48(51) 
(°) 8.8(1.4) 6.6(2.9) 12(14) 
Table 5.1: The unit-cell dimensions, the refined atomic fractional coordinates, and 
selected interatomic distances and bond angles of KDP as a function of pressure. 
The strcuctural parameters 0, q  and '&, defined in the text, are also given. The 
ambient pressure (AP), 1.65 GPa and 2.6 CPa values are taken from Tun et at 
(1988), Tibballs et al (1982) and Endo et at (1989) respectively. The estimated 
standard deviations (ESDs) for each of the values are given in parentheses. 
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Figure 5.6: The pressure dependence of the O—H—O bondlength, 2R, in KH 2PO 4 
from the study conducted by Tun et at (1988) and Tibballs et al (1982) (0) and 
from the present study (S) The point shown as A is from the single-crystal 
x-ray diffraction study conducted by Endo et a! (1989). The line is a guide to the 
eye, only. 
of Endo et al suggests that the phase transition has not yet been reached. This 
is confirmed in figure 5.6 where the value of 2R at 2.9 GPa lies on the line ex-
trapolated from the ambient pressure and 1.65 GPa values and also re-affirms the 
linear decrease of 2R with pressure that was observed by Endo et al as the phase 
transition is approached. Certainly, the discontinuous increase of 2R to a value of 
2.509(36) above the phase transition (Endo et al (1989)) is not observed, as can 
be seen in figure 5.6. 
The linear decrease of 211 with pressure, as the phase transition is approached cor-
responds to a contraction of the oxygen-oxygen distance at a rate of 0.013(8)A/GPa, 
or a reduction by about 1.7% from its ambient pressure value. On the other hand, 
the P-O bondlength and the O-P-O bond angle exhibit almost no change up to 
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2.9 GPa, within the accuracy of the refinement, and suggest that the PO 4 tetra-
hedra must remain relatively rigid in size and shape as the phase transition is 
approached. As the a-axis contracts by 2.4% at 2.9 GPa, with respect to its ambi-
ent pressure value, the reduction in 2R is much less than would be expected if the 
PO4  tetrahedra are assumed to be unaffected by pressure i.e. if the main structural 
changes in the ab-plane are confined to only a compression of the oxygen-oxygen 
distance. However, as has already been mentioned in section 5.1, when the struc-
ture is compressed the P atoms necessarily move closer together, since they are 
at( sites fixed by the 4 symmetry, but the PO 4 tetrahedra are free to rotate such 
that the oxygen-oxygen distance is preserved. This rotation of the PO 4 tetrahedra 
around the 4-axis manifests itself as an increase in the angle 0 (previously defined 
in figure 5.4) and as can be seen in both table 5.1 and figure 5.7, is observed to 
increase over the whole pressure range up to the phase transition, in accordance 
with previous studies (see for example Meyer et al (1980)). The value of 0 derived 
from the refinement of the 2.9 GPa data collected with the present experiment 
is in good agreement with the value of Endo et al and, given the relatively large 
esd's, forms an approximately linear relationship with the ambient pressure and 
1.65 GPa values. Again, the discontinuous structural changes expected at the 
phase transition are not observed, as can be seen in figure 5.7, where the value 
of 0 at 3.2 GPa (0=63.64°) from Endo et al (1989) is also plotted to show the 
approximately 10  jump in its value. 
As can be seen in figure 5.8, the hydrogen bond is inclined at an angle ç to the 
ab plane and, from the study of Endo et a! (1989), this angle was observed to 
increase at progressively higher pressure, although the precision on the results 
was insufficient to show any anomalous behaviour at the phase transition. The 
results of the present study also indicate that 0 increases with pressure as the 
phase transition is approached. However, the magnitude of this change, with 
respect to the ambient pressure value, is significantly less (by about 0.3°) than 
that observed by Endo it et al, as can be seen in table 5.1. This more gradual 
increase of 4 with pressure is in better agreement with the 1.65 GPa value of 
Tibballs et al (1982), also shown in table 5.1, although it is still somewhat more 
than would be expected from a linear pressure dependence of 0. 
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Figure 5.7: The pressure dependence of the rotation angle, 8, of the PO 4 tetrahe-
dra around their 4-axis from the study conducted by Tun et al (1988) and Tibballs 
et al (1982) (0) and from the present study (s). The point shown as A is from 
the single-crystal x-ray diffraction study conducted by Endo et al (1989). The line 
is a guide to the eye only. 
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Figure 5.8: The hydrogen bond and adjoining atoms in the KH 2PO4 structure seen 
in projection along the x-axis. The angles 4' and 0 , respectively the inclination 
angles of the 0.. .0 and H.. .H lines to the XY plane, have been exaggerated by a 
factor of four. (From Nelmes et al (1982).) 
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Figure 5.9: The pressure dependence of the H ... H site separation, S, in KH 2PO4 
from the study conducted by Tun et al (1988) and Tibballs et al (1982) (Q), and 
from the present study The line is a guide to the eye only. 
panied by the hydrogen atom occupying the centre of a symmetric O-H-O bond, 
contrary to the assumptions of Endo et al (1989), since 6. has a finite value at 
2.9 GPa which is only about 25% smaller than that at ambient pressure. Indeed, 
comparing 6 at 1.65 GPa with its ambient pressure value, as can be seen in figure 
5.9, this reduction is no more than would be expected if S decreases linearly with 
pressure at a rate of 0.033(14)A/GPa. Although the hydrogen atom may become 
centered in an O-H-O type bond at the phase transition through some first-order 
effect, it is clear that the results of the present study disagree with the behaviour 
of the hydrogen bond expected by Endo et a!, whose predictions were based on the 
calculations of Matsushita and Matsubara (1982). These calculations have also 
been shown to disagree with the behaviour of KDP at 1.65 GPa and 10K, in a 
recent high-pressure single-crystal neutron-diffraction study conducted by McMa-
hon (1990'.). In this study, the hydrogen atoms were shown to be disordered over 
two sites, 0.217(23)A apart, although a 2R of 2.442(3)A was observed, which is 
significantly less than the 2.47A calculated to give a hydrogen bond with a single 
minimum. 
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Finally, the line joining the hydrogen sites (H ... H) is inclined at an angle i& to 
the ab plane, as can be seen in figure 5.8, and, for completeness, the values of & 
are presented at the bottom of table 5.1. It is apparent that the precision on 
is generally quite poor, particularly for the value derived from the present study. 
Although it is clearly not possible to show any significant pressure dependence of 
as the phase transition is approached, it appears, nevertheless, that 0 remains 
finite at 2.9 CPa with a value comparable to those determined at ambient pressure 
and 1.65 GPa. 
5.4 Conclusions 
The principal changes in the structure of KDP, observed by Endo et al (1989), as 
the phase transition is approached are on the whole confirmed by the present high-
pressure single-crystal neutron diffraction study. In particular, it appears that the 
oxygen-oxygen distance, 2R, undergoes a uniform compression to 2.9 GPa which 
is moderated by the rotation of the essentially rigid PO 4 tetrahedra around their 
4-axes. The compression of 211 is also accompanied by a re-orientation of the 
hydrogen bond which is observed to increase its inclination with respect to the ab 
plane. However, the H ... 11 site separation () is not found to vanish as the phase 
transition is approached but, instead, exhibits a reduction which is no more than 
would be expected if S decreases linearly with pressure. This result contradicts 
the assumptions made by Endo et al and leaves the structural mechanism for 
the transition unclear. It would, therefore, now be of interest to determine the 
structure at a higher pressure, using single-crystal neutron diffraction techniques, 
so that the behaviour of the hydrogen atoms in the high-pressure phase can be 
determined. 
Although such a study was planned, the reactor at the ILL developed a serious 
mechanical fault, shortly after the experiment presented in this chapter was com-
pleted, which forced an extended shutdown of the reactor for major repair work. 
This is unfortunate as the D913 diffractometer, stationed on the 'hot source' of 
the ILL reactor, uniquely provides neutrons at both a suitable flux and at a short 
enough wavelength for the collection of high-pressure single-crystal data in a rea- 
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sonably short time and to an adequate resolution limit. Nelmes (1987) suggests 
that for KDP a resolution of sinO/\>1.OA_1  isrequired for an accurate deter-
mination of .) In contrast, other reactor based four-circle diffractometers have 
insufficient flux at short enough wavelengths to make high resolution structural 
studies of KDP practical. For example, the monochromator of the E5 diffrac-
tometer at the Hahn Meitner Institute, Berlin, can only provide three fixed wave-
lengths, of which )=0.9A is the shortest, and is limited to a resolution of only 
sinO/X=0.88A'. As the repairs to the ILL reactor are expected to be completed 
by 1994, at the earliest, it will be some time before the detailed behaviour of the 
hydrogen atoms in the high-pressure phase of KDP is known. 
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Chapter 6 
High-Pressure Structural Studies of 
a-Rhombohedral Boron and Boron Carbide 
6.1 Introduction 
Icosohedral boron-rich solids are refractory materials with melting temperatures 
up to 2400° C, a thousand degrees higher than silicons, and exhibit a range of 
unique structural, electronic and thermal properties that are not only of scientific 
interest but are potentially useful in a variety of technological applications (Emin 
(1987)). In addition, the combination of these materials' lightness, strength and 
stability have made them invaluable thermal neutron absorbers in control rods 
and biological shields for fission reactors. 
The principal boron polymorphs, of which there may be as many as 16 different 
types (Donahue (1974)), together with a number of boron-rich compounds, are all 
characterised by three-dimensional networks of boron atoms which are often built 
up from 12-atom icosahedra (figure 6.1). Of all these structures, o-rhombohedral 
boron (a-boron) has the simplest form and is composed of units of nearly reg-
ular icosahedra in a slightly deformed cubic close packed (face centered cubic) 
arrangement. As the ideal five-fold symmetry of the regular icosahedron cannot 
propagate through the crystal lattice, the distortion of each icosahedra, away from 
the five-fold symmetry, is accompanied by a translation of the close packed layers 
so that a rhombohedral unit cell is formed with an icosahedron at each vertex and 
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Figure 6.1: The B 1 2 boron icosahedron, viewed from a direction close to a threefold 
axis. (From Bullett (1981).) 
with a rhombhedral angle of a=58° (see figure 6.2): perfect cubic close packing 
would correspond to 0=600.  Within the icosahedra, each boron atom has five 
neighbouring atoms and, therefore, in terms of conventional (two-centre) covalent 
bonding each boron atom must supply five electrons to form bonds with all its 
neighbours. However, as each boron atom has only three valence electrons in the 
second shell available for bonding, and as some electrons are also required for 
bonding between the icosahedra, the internal bonding of the icosahedra cannot 
be based on the usual two-centre bonding arrangement (Emin (1987)). Instead of 
forming the conventional two-centre bonds, where the bonding pair of electrons 
reside at the midpoint between the pair of bonded atoms, a 'three-centre' bond 
is formed, illustrated in figure 6.3, in which a pair of electrons is shared by three 
neighbouring atoms and, as a result, a charge accumulation occurs at the centre of 
the triangle formed by the three bonded atoms. High-resolution x-ray diffraction 
studies of a-boron show that there is a pronounced peaking of the electron density 
within the triangular faces of the icosahedra and, therefore, lend support to this 
model of the bonding (Emin (1987), Will (1987)). The B 12 icosahedral units are 
161 
Figure 6.2: The structure of a-rhombohedral boron. The shaded triangles rep-
resent the intralayer intericosahedral three-centre bonds. (From Aselage et a! 
(1990).) 
linked by conventional two-centre bonds, which are parallel to the edges of the 
rhomohedral cell, and by intralayer intericosahedral three-centre bonds, shown as 
the shaded triangles in figure 6.2. The B-B distance in these three-centre bonds 
is 2.01A, compared to the bond lengths of 1.75-1.81A within each icosahedra and 
the 1.67A for the two-centre intericosahedral links. It is these relatively long, and 
relatively weak (Seongbok (1990)), intralayer three-centre bonds which are be-
lieved to be associated with the high reactivity of a-boron and its transformation 
into the complex 3-rhombohedral form above 1500K (Bullett (1982)). 
The electronic properties of a-boron, which is an insulator, can be significantly al-
tered by the addition of other atomic constituents between the icosahedra so that 
the intralayer intericosahedral three-centre bonds are replaced by conventional 
two-centre bonds linking the non-boron atoms to the icosahedra. The icosahedral 
boron pnictides, B 12 P2 and B 12 As2 , and the boron carbides are notable exam-
ples. Of these, the boron carbides have received much scientific attention over 





Figure 6.3: A schematic representation of (a) a two-centre bond and (b) a 
three-centre bond. The shaded regions show the dominant parts of the electronic 
charge distribution. (From Emin (1987).) 
the boron carbides exist as single-phase materials over a range of carbon concen-
trations from about 8% to about 20% (Emin (1988)) and are characterised by a 
three-atom intericosahedral chain which is parallel to the [111] direction in the 
rhombohedral unit cell, as can be seen in figure 6.4. Depending on the compo-
sition, one, two or all of the atoms in this chain may be carbon atoms so that 
C-B-B, C-B-C and C-C-C chains can be formed. In addition, a boron atom may 
be replaced by a carbon atom within the icosahedra, forming disordered B 11 C 
icosahedral structural units i.e. the icosahedral carbon atom is distributed among 
many, if not all, icosahedral positions. At the highest concentration, B 4C (20% 
C), it is believed that the structure is composed of these disordered B 11 C icosahe-
dra linked mainly by C-B-C chains, that is, three-atom chains with a boron atom 
placed between the two carbon atoms (Emin (1988)). As the carbon concentration 
is reduced, Aslage et al (1990) have observed that the structure initially expands 
along the [11 1] direction of the unit cell as the C-B-C chains are replaced by 
more weakly bonded C-B-B chains. At carbon concentrations below 13%, B 13 C2 , 
no further expansion along the [1 1 11 direction of the unit cell was observed 
and this behaviour was attributed to the supply of C-B-C chains becoming ex-
hausted so that further substitution of B for C occurs within the icosahedra, with 
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Figure 6.4: The structure of boron carbide. The shaded circles represent the 
three-atom intericosahedral chain which runs parallel to the [1 1 1] direction of 
the rhombohedral unit cell. (From Aselage et al (1990).) 
a significantly smaller effect on the structure. 
This simple model for the composition dependence of the structure is given addi-
tional support from measurements of the velocity of longitudinal and shear acous-
tic waves as a function of carbon concentration (Gieski et al (1990)). It was found 
that there was a pronounced decrease in the bulk modulus, derived from the sound 
velocity measurements, below the B 13 C2 concentration and was associated with 
a change in the stiffness of the most compressible structural unit, assumed to be 
the icosahedron, as the B 11 C icosahedra are replaced by 'softer' B 12 icosahedra. 
The B 11 C icosahedra are believed to be involved in the unusual electronic trans-
port properties of boron carbide, which may make them a suitable material for 
efficient thermoelectric generators and, more generally, for very-high-temperature 
semiconductors. In boron carbide, the electronic charge carriers are singlet small 
bipolarons - pairs of electrons with oppositely aligned spins that are bound to-
gether by the distortions of the crystal structure that their presence induces - 
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which move between 13 11 C icosahedra by a succession of phonon assisted hops 
(Emin (1982)). Although such pairing of electrons is rarely observed, in the boron 
carbides there are two factors that favour small bipolaron formation: the excess 
charges are distributed over the surface of the B 11 C icosahedra so that the coulomb 
repulsion between a pair of charge carriers is considerably smaller than that associ-
ated with placing them on a single atomic site; the attractive force associated with 
the carrier-induced atomic displacements is relatively large as the strong bond-
ing, and small atomic radii, yield especially strong coupling between electrons 
and the crystal lattice (Emin (1987)). Therefore, the boron carbide structure is 
particularly suited to electronic conduction by the hopping of small bipolarons. 
Under the application of high hydrostatic pressure, however, the conductivity of 
boron carbide exhibits an anomalous behaviour. Although compression of a solid 
generally increases the hopping mobility and thus the conductivity (by enhancing 
the electronic overlap between the hopping sites and by increasing the atomic vi-
brational frequencies), Samara et al (1985) have observed that the conductivity of 
boron carbide decreases with pressure. This behaviour has been linked to the com-
pression of the icosahedra which causes the hopping activation energy to increase 
at the expense of the increased vibrational frequencies and electronic overlap. 
The results of Samara et al's study were taken to indicate that, with pressure, 
the sites (icosahedra) are compressed more than the intersite (intericosahedral) 
separations: a view consistent with bonding theory (Bullett (1982)) and indirect 
experimental evidence (Emin (1990)) which suggest that the icosahedra are the 
most compressible parts of the structure. However, there is no direct structural 
evidence to support this assumption. 
It is, therefore, clearly of interest to determine whether or not the 12-atom icosa-
hedra are indeed the most compressible parts of the structure and to establish the 
difference in compressibility between B 12 icosahedra and 13 11 C icosahedra. In the 
following sections of this chapter parallel studies of the pressure dependence of 
both the or-boron and B 4 C structures will be described, allowing the direct com-
parison of the relative compressiblities of the B 12 icosahedra and 13 11 C icosahedra 
for the first time. 
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6.2 The Experiments and Data Analysis 
6.2.1 X-ray Single-Crystal Studies of a-Rhombohedral Boron 
As boron has a low atomic number, with a correspondingly low electron density 
and x-ray scattering power, a high-pressure structural study of cr-boron would 
appear to be more ideally suited to the techniques of neutron-diffraction rather 
than those of x-ray diffraction. However, it is extremely difficult to produce 
large quantities of chemically pure or-boron, certainly in sufficient quantities for a 
neutron-diffraction experiment, and, as a consequence, it was necessary to resort 
to single-crystal x-ray diffraction techniques instead. 
The sample crystal was provided by Drs B. Morosin and T.L. Aselage of San-
dia Laboratories, Albuquerque, New Mexico, and found to be an extremely thin 
platelet, or slab, of dimensions 425 x 150 x 13 tm 3 with the [111] direction of 
the rhomohedral unit cell (the c-axis in the hexagonal setting) perpendicular to 
the plane of the slab. A piece, of dimensions 75 x 75 x 13 urn 3, was cut from 
the sample crystal and loaded into a Merrill-Bassett DAC so that the face of the 
platelet was as close to being perpendicular to the diamond anvil culets as possible 
- a task made all the more difficult by the thinness of the sample. This sample 
orientation was chosen to minimise positional parameter correlations, during sub-
sequent refinements of the restricted data, and to ensure that their was sufficient 
resolution in each of the crystallographic directions. (Ideally, for the hexagonal 
setting of the unit cell, the (I 1 0) would be parallel to the diamond-anvil culets.) 
The cell was assembled using a tungsten gasket to enclose the sample and the 4:1 
methanol-ethanol pressure transmitting fluid, and initially taken to a pressure of 
0.50(5) CPa, measured using the ruby fluorescence method. 
The cell was then mounted on the Physics Departments CAD4 four-circle diffrac-
torneter which had been equipped with a graphite monochromated Ag-target x-ray 
tube. After centering the sample roughly on the diffractometer, using adapted op-
tical techniques (King (1981)), a polaroid rotation photograph was exposed for 12 
hours so that the sample reflections could be located. However, it was found that 
the sample reflections had insufficient intensity to be recorded on the polaroid 
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film. In order to enhance the intensity of the sample reflections, from the A 3 term 
in the scattering power (Bacon (1975)), the x-ray tube was replaced with another 
containing a Mo-target. After carefully re-aligning the diffractometer, the pres-
sure cell was remounted and another polaroid rotation photograph exposed. As 
the generator voltage had been reduced to 40kV, so that reflections from the 
diamonds could be eliminated, the exposure time was extended to 18 hours. This 
photograph had successfully recorded a number of very faint spots which allowed 
the 20, w and x values of two sample reflections to be determined. However, 
the CAD4's automatic search routine was unable to find these reflections and the 
diffractometer had to be driven manually. By setting the 20, w and x circles at 
their calculated values the tj motor was slowly rotated until a rise in the detected 
intensity (approximately 0.5° wide in q) was located. The other motors were then 
adjusted iteratively to maximise the signal. With the reflection roughly centered 
the automatic centering routine was now able to determine the reflections setting 
angles accurately, although it took approximately 45 minutes to do so (with the 
tube set back to its optimum voltage and current settings). The second reflection 
was centered with the same procedure and, after successfully indexing both reflec-
tions (with the rhomohedral unit cell), an initial UB matrix was derived. From 
this UB matrix a further nine 'strong' reflections were located and their setting 
angles subsequently determined using the automatic centering procedure. The 
diffractometer took over an hour to centre the faintest of these reflections. 
The sample was then accurately centered on the diffractometer using the four-
position method of Finger and King (1979) on four reflections. Having accurately 
centered the sample, the four-position method was used to determine the setting 
angles for all of the reflections, so that any residual sample mis-centering could 
be corrected for, and the results were used to refine the cell dimensions with the 
program Rafin, which allows the constraints imposed by the unit cell symmetry 
to be applied. 
After measuring the profiles of selected reflections to determine the peak widths 
(which also indicated that the sample was a good quality single crystal) and deter-
mining the optimum detector aperture parameters, all accessible reflections were 
collected, using u-scans, to a 29 limit of approximately 80° (sin9/A=0.91A 1 ). The 
data were collected in the fixed-4 geometry at three positions 0.5° apart around 
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the scattering vector to detect simultaneous diffraction by the diamond anvils 
(section 3.2.3). After applying a correction for the absorption of both the pres-
sure cell and sample (Finger and King (1978), Zucker et at (1983)), the data were 
averaged over repeated measurements and reflections affected by simultaneous dia-
mond reflections removed from the data set. The data were then used for an initial 
least-squares refinement of the structure, including an isotropic extinction correc-
tion, using the Prometheus crystallographic programs (Zucker et at (1983)). The 
structural parameters obtained by Will at at (1987) were taken as starting values. 
Comparison of the calculated and measured intensities showed that a number of 
reflections had intensities significantly weaker than their calculated values. Anal-
ysis of the angles subtended by the incident and diffracted beams to the cell axis 
(w and 20-w respectively) showed that these reflections were partially occluded by 
the gasket, and were subsequently removed from the data set. As many of the 
reflections were relatively weak, the leverage procedure of Prince and Nicholson 
(1985) (see section 2.4.1) was used to identify those reflections most sensitive to 
the refinable structural parameters so that their intensities could be measured 
with improved precision. These reflections were then remeasured with increased 
counting times and added to the data set. The resulting data set was then used 
for a final structural refinement. As for the initial refinement, all reflections not 
rejected due to simultaneous diamond reflections and gasket occlusion were cor-
rected for both pressure cell and sample absorption and averaged over identical 
reflections. In order to assign weights correctly to the reflections in the data set, 
averaging over equivalent reflections and leveraged reflections only occurred after 
the final structural refinement (following the same procedure as that used for the 
KTP experiment (section (4.2.1)) and allowed the internal consistency of the data 
to be determined. The positional parameters refined stably with no significant 
correlations between them and the isotropic thermal parameters were found to 
give physically reasonable values - refinements with anisotropic thermal param-
eters proved to be unstable. As the ambient structural study undertaken by Will 
et at (1987) shows that the thermal motion of both of the refinable boron atoms 
are almost isotropic and the positional parameters of the present high-pressure 
study agree with their values to within about 1.5a, it appears that constraining 
the thermal parameters to be isotropic is not only appropriate but also does not 
bias the refinement significantly. The final cycles of the refinement of the 0.50 
GPa data set gave a weighted residual (R) and goodness-of-fit of 0.079 and 1.63 
Mi 
respectively for 114 independent reflections and 8 refinable parameters. 
With the refinement of the low-pressure reference data set completed, the pressure 
was increased to 4.00(5) GPa where the unit cell dimensions were determined using 
the four-position method of Finger and King (1979), and the same data collection 
and refinement procedures repeated. The final cycle of refinement gave an 
and Gf of 0.073 and 1.24 for 114 reflections and 8 refinable parameters. The 
unit cell dimensions were also measured at 2.65(5) CPa to allow a more accurate 
determination of the bulk modulus than can be obtained with only two data 
points. 
6.2.2 Neutron and X-ray Powder-Diffraction Studies of 
Boron Carbide B 4 C 
As relatively large quantities of chemically pure B 4 C can be produced, in con-
trast to a-boron, a high-pressure structural study of 13 4 C is ideally suited to 
neutron-diffraction techniques. However, as the neutron absorption of naturally 
occurring boron is prohibitively high, due to the presence of 19% of the '°B isotope 
(300cm' for A=1.08A), the 13 4 C sample must be prepared from "B-enriched 
boron which has a much smaller absorption ("B 0cm' for )=1.08A). Suitable 
powder samples, prepared from 98.5% "B enriched boron, were provided by Drs 
B. Morosin and T.L. Aselage of Sandia Laboratories, Albuquerque, New Mexico. 
The high-pressure neutron powder-diffraction experiments were performed on the 
POLARIS diffractometer of the U.K. spallation source, ISIS, at the Ruther-
ford Appleton Laboratory using time-of-flight techniques and the Paris-Edinburgh 
pressure cell. The Paris-Edinburgh cell, which employs a novel opposed-anvil de-
sign, has been described in detail in section 3.4.2 along with the collimation that 
has been developed to reduce the background and optimise the signal-to-noise 
ratio of the high-pressure powder patterns. 
A sample, suitable for loading into the cell, was prepared from a mixture of 13 4 C 
and NaCl pressure-calibrant in the proportions 1:1 by volume and the material 
was pre-compressed to approximately 1 GPa prior to loading to produce a pellet 
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of the correct size to fit the pressure chamber formed by the gasket and anvils. 
The pellet was then placed in the cell and the tungsten-carbide anvils were closed 
by screwing the breech through the upper platen by hand. This ensured that both 
the sample and the composite Ti-Zr gasket (see section 3.4.2) were held firmly in 
place without pressurizing the sample. As it was assumed that NaCl, which has 
a relatively low shear strength compared to B 4C, would give adequately quasi-
hydrostatic conditions a pressure transmitting fluid was not included. Before 
mounting the cell in the diffractometer sample tank, a 4mm diameter collimation 
piece was attached to the breech to ensure that the incident neutron beam would 
not illuminate the edges of the 6mm diameter gasket hole. As was previously 
described in section 3.4.2, collimation of the beam diffracted at 20=900  is provided 
by covering the faces of the anvils with a neutron absorbing Gd 2 03-doped epoxy 
paint and by a slit mounted on the side of the cell to restrict the region viewed 
by the detectors to that immediately around the sample. 
Data were collected at applied loads of 0, 40 and 70 tonnes, with the 90° bank of 
twenty 2 x 13 inch 3 H detectors, for data collection periods of 3 hours 45 minutes, 
4 hours 15 minutes and 10 hours respectively. The longer data collection time at 
successively higher pressures was required to maintain a similar degree of counting 
statistics between the data sets as the anvils attenuated a progressively larger 
fraction of both the incident and diffracted beams. A powder pattern collected 
at an applied load higher than 70 tonnes showed pronounced pressure broadening 
of the diffraction peaks, thought to result from bridging between grains in the 
sample, and data collection was terminated at this point. 
The powder patterns were normalized for the spectral function of the incident 
beam by the use of a vanadium standard powder pattern and were refined using 
the GSAS Rietveld program (Larson and Von Dreele (1990)) with the unit cell 
dimensions and atomic positional parameters of Morosin et al (1987) as starting 
values. Although the scale factors, background parameters and cell dimensions 
were found to refine stably along with a peak-width parameter to model the effects 
of pressure induced broadening, it was not possible to refine the atomic positional 
parameters freely and constraints had to be applied. As the principal aim of this 
study is to determine the relative compressibility of the twelve-atom icosahedra 
with respect to the crystal lattice, the positional parameters for both of the non- 
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symmetry related atoms in the icosahedron (two refinable positional parameters 
for each atom) were linked to allow the compression of the icosahedra to be ex-
pressed by one parameter. This was achieved by constraining the atoms to only 
shift in directions directly towards, or away from, the centre of the icosahedra (i.e. 
the origin of the unit cell) and by fixing the atoms to undergo the same magnitude 
of shift. In order to determine the effect of these constraints, the 4.0 GPa data set 
obtained from the single-crystal x-ray diffraction study of a-boron (see preceding 
section) was refined with similar constraints applied, using the atomic positional 
parameters derived from the 0.5 GPa data set as starting values. This refinement 
was then compared to the original refinement, where the atoms had been allowed 
to refine freely, by applying Hamilton's R-factor test (Hamilton (1974a)). The test 
revealed that the constraints changed the R-factor by less than the 75% confidence 
level and are therefore not statistically significant for the x-ray single-crystal data 
(Hamilton (1964)). Although it is not possible to perform a similar test on the 
neutron powder-diffraction data, it appears, nevertheless, that these constraints 
will not bias the refinement significantly. Isotropic thermal parameters were also 
refined for each atom at all pressures. 
The values of the lattice parameter of NaCl, derived from each of the refinements, 
were used to obtain a pressure from the Decker equation-of-state which has an 
accuracy of 0.05 - 0.10 GPa in the range 0 - 10 GPa (Decker (1971)). The pressures 
corresponding to the applied loads of 40 and 70 tonnes were found to be 2.3 and 
5.8 GPa respectively. 
As the image plate has proved itself to be an extremely sensitive detector and, 
for example, has successfully recorded the very weak (2 0 0) reflection of the 
cubic phase of InSb under pressure (Nelmes et a! (1992)), which arises from the 
difference in scattering between In and Sb (an equivalent of only two electrons), it 
was thought that the image plate would be suitable for collecting high-pressure x-
ray powder diffraction patterns of 13 4 C, that were expected to be extremely weak. 
In view of this, a second high-pressure structural study of B 4 C was planned, to 
compliment the neutron-diffraction experiment conducted at ISIS, using angle-
dispersive techniques and the newly developed Edinburgh-Daresbury image-plate 
system. 
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The high-pressure x-ray powder-diffraction experiments were performed at station 
9.1 at the SRS, Daresbury, which is located on the 5T wiggler magnet beam-
line. A water-cooled channel-cut Si (1 1 1) monochromator was used to select 
a wavelength of 0.4446(1)A from the spectrum of the wiggler magnet and was 
calibrated by carrying out a conventional 20 scan of a standard powder sample of 
Si and fitting to the measured peak positions. This wavelength was chosen so that 
the platinum pinhole could attenuate the A harmonic from the monochromator 
(see section 3.3.2). 
A finely powdered sample of B 4C was provided by Drs B. Morosin and T. L. Aselage 
of Sandia Laboratories, Albuquerque, New Mexico (from a different batch than 
that used in the neutron powder-diffraction experiment), and loaded into a DXR-4 
design of diamond-anvil pressure cell (section 2.3.1). The sample was enclosed in 
a tungsten gasket and, as the Daresbury ruby fluorescence system was found to 
be faulty, a small quantity of NaCl (approximately 25%) was added to the 
sample for pressure calibration. A mixture of methanol and ethanol, in the ratio 
of 4:1, was used as a pressure transmitting fluid. Initially, the cell was closed with 
a sufficient applied force to ensure that the gasket was firmly sealed and that the 
sample was held at only a relatively low pressure. 
The pressure cell was then mounted on the image plate system and aligned with 
respect to the monochromated x-ray beam, using the procedures described in the 
first paragraph of section 3.3.4. (Note that the angular alignment procedures for 
the telescope and pressure cell had not been implemented on the beamline set up 
at the time this experiment was undertaken.) The dimensions of the monochro-
matic incident x-ray beam were reduced to a diameter of 75tm with a platinum 
pinhole and the sample to plate distance was set at approximately 250mm. After 
an exposure of approximately 90 minutes, the plate was read and the resulting 
image (shown in figure 6.5a) integrated with the Platypus suite of programs (Piltz 
et al (1992)). The powder pattern obtained from the integration showed several 
distinct B 4 C diffraction peaks although, as can be seen from figure 6.5b, they 
were significantly weaker than those of the NaCl pressure calibrant. Having es-
tablished that an acceptable B 4C powder pattern could be observed from a sample 
contained within the pressure cell, powder patterns were collected with the cell at 
two progressively higher applied loads. A further attempt to increase the pressure 
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resulted in pronounced pressure broadening of both the 13 4 C and NaCl peaks, due 
to the gasket failing, and data collection was terminated at this point. 
The sample to plate distance was then calibrated by reloading the cell with only 
a NaCl powder sample and collecting a reference powder pattern. As no pressure 
fluid was used and care had been taken to ensure that a pressurizing force had not 
been applied to the anvils, the ambient pressure NaCl unit cell dimensions were 
used to express the Bragg peak positions on the integrated profiles in terms of 20 
and subsequently, from a knowledge of the pixel dimensions (88 urn), the distance 
from the reference sample to the plate was determined to be 256.09(1)mm 
However, the calibration of the high-pressure powder patterns from pixels to 20, 
derived using this sample to plate distance, was found to give erroneous unit cell 
dimensions and, for example, the refined cell dimensions for the NaCl pressure 
calibrant for the initial low-pressure powder pattern was found to be 0.14% higher 
than its ambient pressure value - corresponding to a negative pressure of about 
0.1 GPa from Decker's equation-of-state (Decker (1971)). In view of this, the 
sample to plate distance was re-calculated using the NaCl peaks of the low-pressure 
pattern as a reference, assuming that the low-pressure loading of the cell was close 
to ambient pressure. (This assumption appears to be justified as a comparison of 
the NaC1:B 4C unit cell volume ratio for the low-pressure x-ray data with those of 
the 0 GPa and 2.3 GPa neutron data indicates that the pressure cell was initially 
loaded to less than 0.13 CPa.) The sample to plate distance was now determined 
to be 255.84(1)mm. 
Although it is unclear how the discrepancy of 0.25mm (250um) arose, it may be 
partly due to a purely mechanical shift of the cell with respect to the image plate, 
or, perhaps, a change in the wavelength, between data collection and distance cal-
ibration. Certainly, as the monochromator was scanned (for another experiment 
running parallel to this) and the synchrotron was refilled between data collection 
and distance calibration, a change in the wavelength due to stepping errors in the 
monochromator scan or a mis-steering of the synchrotron beam, cannot be ruled 
out. 
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Figure 6.5: (a) - Part of the diffraction pattern obtained from the mixture of 
B4 C and NaCl. (b) - The fully integrated profile of the diffraction pattern shown 
in (a). The NaCl peaks are indicated by arrows. 
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the revised sample to plate distance, and were refined with the GSAS suite of 
programs. As with the neutron-diffraction data, the scale factors, background pa-
rameters, cell dimensions and peak shape parameters were all found to refine sta-
bly with the exception of the positional parameters which had to be constrained. 
The same constraints as those used in the neutron powder-diffraction refinements 
were applied. Isotropic thermal parameters were also refined for each atom at all 
pressures. The values of the NaCl lattice parameter, obtained from each of the 
refinements, were used to determine a pressure from the Decker equation-of-state 
(Decker (1971)). The pressures for consecutive applied loads were found to be 0, 
2.5 and 3.7 GPa. 
6.3 Results and Discussion 
The unit cell dimensions, the refined atomic coordinates and the radius of the 
B 12-icosahedron (as defined by the average of the B(1) and B(2) distances from 
the origin of the unit cell) for the a-boron study are given in table 6.1 along with 
the ambient-pressure single-crystal x-ray diffraction results of Will et al (1987) for 
comparison. In order to allow the a-boron results to be compared directly with 
those of the neutron and x-ray powder-diffraction studies of 13 4 C, the unit cell 
dimensions and the atomic coordinates (which were refined in the rhombohedral 
setting) are also given in terms of the equivalent hexagonal unit cell. The unit 
cell dimensions and the constrained atomic coordinates, and radius, of the B 11 C-
icosahedron for the neutron and x-ray powder diffraction studies of 13 4 C are given 
in tables 6.2a and 6.2b respectively. The results of the ambient-pressure single-
crystal x-ray diffraction study of 13 4 C, conducted by Morosin et al (1987), are also 
given in tables 6.2a and 6.2b for comparison. 
r 
The relative unit cell volumes () for both a-boron and 13 4 C are plotted as a 
VO 
function of pressure in figure 6.6. It is apparent, upon examination of figure 6.6, 
that the x-ray and neutron powder-diffraction techniques give an almost identical 
pressure dependence for the 	value of 13 4 C, and a linear fit through both sets 
VO 
of data yields a bulk modulus B=321.64(21) CPa. This is somewhat larger than 
the bulk modulus, 13=247 GPa, that Gieske et a! (1990) obtained for 13 4 C from 
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ultrasound measurements. A linear fit through the data points for a-boron gives a 
bulk modulus B=224(15) GPa. As no other experimentally determined value for 
the bulk modulus of a-boron has been published, this value can only be compared 
with the value of 246 GPa determined by Mailhiot et at (1990) from first-principles 
total-energy calculations. Allowing for the approximations in these calculations, 
the value of B for the present x-ray diffraction study is in reasonable agreement 
with that predicted by Mailhiot et at (1990). 
From table 6.1, it is clear that the refined positional parameters for the a-boron 
B(1) and B(2) atoms exhibit almost no change under pressure, with the 0.5 GPa 
and 4.0 CPa values agreeing to within about 2o (rhombohedral setting) and in-
dicates that the structure undergoes an almost uniform compression. This is 
confirmed by examining the radius of the B 12-icosahedra (r 03 ) which exhibits a 
0.53±0.18% reduction between 0.5 and 4.0 GPa - comparable to the 0.54±0.01% 
and 0.50±0.07% compressions of the a- and c-axes of the hexagonal unit cell re-
spectively. This is a surprising result since (as has already been stated in sec-
tion 6.1) bonding theory and indirect experimental evidence have suggested that 
the icosahedra will be the most compressible parts of the structure due to the 
relatively weak three-centre intraicosahedral bonds. The intericosahedral three-
centre bonds, which are the longest bonds in the structure, are also expected 
to be relatively weak. However, upon examination of table 6.3 (which gives all 
the non-symmetry related intericosahedral and intraicosahedral bond lengths in 
the a-boron structure) it is apparent that the intericosahedral three-centre bond 
(B(2)-B (2') ) exhibits a 0.45±0.15% reduction in length between 0.5 and 4.0 CPa 
and, given the magnitude of the uncertainties, this reduction is again no more 
than would be expected from a uniform compression of the structure. 
As can be seen from tables 6.2a and 6.2b, the constrained refinements of the 0 
GPa x-ray and neutron powder-diffraction data are in excellent agreement. How-
ever, it is apparent that at higher pressure the x-ray powder-diffraction results 
diverge from those of the neutron data and imply that the radius of the icosahe-
dra (r 03 ) increases with pressure. This is clearly not a physically sensible result 
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AP 0.50 GPa 2.65 GPa 4.00 GPa 
rhombohedral 
a (A) 5.063(7) 5.0680(8) 5.0505(7) 5.0421(10) 
a (°) 58.23(5) 58.043(8) 58.033(8) 58.027(12) 
V (As) 88.0(4) 87.91(5) 86.98(4) 86.54(8) 
 x 0.01008(2) 0.0102(4) 0.0094(4) 
z -0.34650(3) -0.3454(7) -0.3445(7) 
 x 0.22118(2) 0.2216(4) 0.2212(4) 
z -0.36940(3) -0.3699(6) -0.3699(6) 
hexagonal 
a (A) 4.927(3) 4.9174(9) 4.8896(8) 4.8910(11) 
c (A) 12.564(7) 12.594(7) 12.552(6) 12.532(8) 
V (A3 ) 264.1(5) 263.74(24) 260.95(21) 259.61(29) 
 x 0.11886(1) 0.1185(6) 0.1180(6) 
z -0.10867(1) -0.1083(5) -0.1086(5) 
 x 0.19689(1) 0.1972(5) 0.1970(5) 
z 0.02432(1) 0.0245(5) 0.0242(5) 
r 03 (A) 1.691(3) 1.702(3) 1.692(3) 
Table 6.1: The unit-cell dimensions, the unit-cell volume, the refined atomic frac-
tional coordinates and the radius of the B 12 icosahedra (r 03) of a-boron as a 
function of pressure. The unit-cell dimensions, the unit-cell volume and the frac-
tional coordinates are also given in terms of the equvalent hexagonal cell. The 
ambient-pressure (AP) results of Will et a! (1987) are also given for comparison. 
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AP 0 GPa 2.38 GPa 5.80 GPa 
a (A) 5.6012(4) 5.5984(13) 5.583(3) 5.574(11) 
(A) 12.0734(13) 12.055(5) 12.036(13) 11.939(46) 
V (A3) 328.04(8) 327.21(14) 324.9(4) 321.3(1.2) 
x -0.17030(3) -0.1695(5) -0.1690(6) -0.1685(8) 
z -0.02505(3) -0.02494(8) -0.02486(9) -0.02478(12) 
x -0.10741(3) -0.1070(3) -0.1067(3) -0.1064(5) 
z 0.11391(3) 0.1134(3) 0.1131(4) 0.1128(5) 
r 03 (A) 1.7025(5) 1.693(5) 1.685(6) 1.674(8) 
AP 0 GPa 2.50 GPa 3.70 CPa 
a (A) 5.6012(4) 5.6088(24) 5.5911(20) 5.5858(22) 
(A) 12.0734(13) 12.081(5) 12.076(6) 12.060(8) 
V (A3 ) 328.04(8) 329.13(9) 326.93(14) 325.88(22) 
x -0.17030(3) -0.1697(12) -0.1724(11) -0.1760(27) 
z -0.02505(3) -0.02496(17) -0.02536(16) -0.0259(4) 
x -0.10741(3) -0.1071(6) -0.1086(6) -0.1106(16) 
z 0.11391(3) 0.1136(7) 0.1152(6) 0.1173(17) 
r 03 (A) 1.7025(5) 1.700(11) 1.721(11) 1.752(28) 
Table 6.2: The unit-cell dimensions, the unit-cell volume, the constrained atomic 
fractional coordinates and the radius (r03) of the B 11 C icosahedra of B4 C as a 
function of pressure, for (a) the neutron powder-diffraction study and (b) the 
x-ray powder diffraction study. The ambient-pressure (AP) results of Morosin et 
al (1987) are also given for comparison. 
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Figure 6.6: The relative unit-cell volumes (V/V 0) of cr-boron and B 4C as a func-
tion of pressure. The points shown as A and L are for the x-ray and neutron 
powder-diffraction studies of B 4 C respectively, and the points shown as 0 are for 
the single-crystal x-ray diffraction studies of a-boron. The solid line represents 
a linear fit to the data for B 4 C and the dashed line represents a linear fit to the 
data for a-boron. 
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AP 0.50 GPa 4.00 GPa 
Intericosahedral 
B(1)—B(1') 1.671(0) 1.682(7) 1.674(7) 
B(2)—B(2') 2.014(0) 2.009(4) 2.000(3) 
Intraicosahedral 
B(1)—B(1') 1.753(0) 1.749(4) 1.731(4) 
B( 1 )—B(2) 1.800(0) 1.801(4) 1.793(4) 
B(1)—B(2') 1.807(0) 1.806(3) 1.798(3) 
B(2)—B(2') 1.784(0) 1.788(3) 1.776(3) 
Table 6.3: The intericosahedral and intraicosahedral bondlengths (A) of or-boron 
as a function of pressure. The ambient-pressure (AP) results of Will et al (1987) 
are also given for comparison. 
and suggests, along with the increased esds for the 3.7 CPa refinement, that the 
x-ray data is of insufficient quality to follow the pressure dependence of the B 4 C 
structure accurately. A close examination of the raw two-dimensional image plate 
data and the integrated powder pattern patterns reveals that, as well as generally 
being dominated by the NaCl diffraction peaks, the B 4 C powder lines have nu-
merous intense spots generated by relatively large sample crystallites. Although 
the Platypus integration software allows such spots to be averaged around the 
Debye-Scherrer rings and thereby improve the powder averaging, the large num-
ber of relatively intense diffraction spots in the B 4 C powder pattern was sufficient 
to cause significant variations in the intensity of the integrated 13 4 C diffraction 
peaks. This effect, combined with the domination of the powder pattern by the 
NaCl pressure calibrant powder lines would inevitably lead to errors in the Re-
itv eld refinement of the data. 
On the other hand, the neutron-diffraction data appears to give physically rea- 










Figure 6.7: The relative radii (r/r o ) of the a-boron (0) and B4 C (Li) icosahedra 
as a function of pressure. The line is a guide to the eye only. 
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sonable results with both the 2.4 and 5.8 GPa sets of constrained fractional coor-
dinates agreeing to within 1.5o with those of the 0 GPa data. As for the a-boron 
study, this implies that the icosahedra are compressing at a rate similar to that 
of the crystal lattice. However, upon close examination of table 6.2a it is evident 
that there is a trend in the fractional coordinates suggesting that the icosahe-
dra may be compressing marginally faster than the crystal lattice. Indeed, as 
can be seen from figure 6.7, the trend in the fractional coordinates implies that, 
although the unit cell of B 4 C is clearly less compressible than that of a-boron, 
within the precision of the refinements the radius of the B 11 C icosahedra decreases 
with pressure at the same rate as the B 12 icosahedra of a-boron. This observation 
apparently contradicts the assumption that the B 11 C icosahedra are necessarily 
less compressible than the B 12 icosahedra. 
Finally, it is interesting to note that as the compressiblity of both the B 12-
icosahedra and B 11 C-icosahedra have not been shown to be significantly different, 
it appears that the pronounced decrease of the boron carbide bulk modulus below 
the 13% carbon concentration (observed by Gieski et al (1990)) can not be en-
tirely explained by the substitution of the B 11 C-icosahedra with B 12-icosahedra. It 
would, therefore, clearly be of interest to extend the present study and determine 
the pressure dependence of the boron carbide structure over a range of carbon 
concentrations so that it can be established whether or not icosahedral softening 
does indeed occur below the B 13 C2 stoichiometry. 
6.4 Conclusions 
The principal aim of the high-pressure crystal-structure studies presented in this 
chapter was to establish the relative compressibili ties of the B 12-icosahedra and 
B 11 C-icosahedra both with respect to one another and to the a-boron and B 4   unit 
cells. Although the neutron powder-diffraction refinements had to be constrained, 
this objective has been, on the whole, achieved and it appears, within the precision 
of the refined structural parameters, that the compressibili ties of the B 12 and B 11 C 
twelve-atom icosahedra do not differ significantly. Certainly, it has been found 
that the B 12-icosahedra are not sufficiently compressible to explain the pronounced 
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decrease in the bulk modulus of boron carbide below the 13% carbon concentration 
that was observed by Gieski et al (1990) from indirect measurements. 
The problems encountered with the x-ray powder-diffraction refinements, de-
scribed in the previous section, are principally due to the coarseness of the sample 
powder which did not allow a sufficient powder averaging to make the intensi-
ties of the B 4 C diffraction peaks reliable. This is unfortunate, as the diffraction 
peaks, although relatively weak, are well defined and lie on an extremely flat 
background, which would otherwise make the B 4 C powder pattern ideally suited 
to the Reitveld refinement method. Although no useful structural information 
could be obtained, the refinements did yield extremely precise cell dimensions 
which have relative errors considerably better than those obtained with energy-
dispersive powder-diffraction techniques. For example the relative errors of the 
B4C cell dimensions are a factor of 7 less than those obtained from an energy-
dispersive powder-diffraction study of solid neon (Hemley et al (1989)) - an 
element which has a comparable x-ray scattering power to those of boron and car-
bon. However, to maintain the same level of accuracy great care has to be taken 
to ensure that systematic errors are not introduced from an incorrect sample to 
plate distance, as has been shown in section 6.2.2, or, perhaps, from other sources 
such as an incorrectly defined image centre or plate tilts during integration. As the 
ambient-pressure cell dimensions agree to within about 2a, on average, with those 
of Morosin et al (1987), it is not expected that any residual error in the sample to 
plate distance will have a significant effect on the accuracy of the cell dimensions. 
Certainly, any residual errors in the unit cell dimensions on an absolute scale do 
not appear in the relative changes with pressure, since these lie on the same 
VO 
straight line, within error, as the 	values obtained from the neutron-diffraction 
VO 
study (as was previously shown in figure 6.6). 
The problems encountered with the neutron powder-diffraction refinements, re-
quiring the atomic positional parameters to be constrained, were principally caused 
by the relatively low signal-to-noise ratio of the B 4 C powder patterns. However, 
an ambient-pressure powder pattern, collected from a sample contained within a 
vanadium can, was found to be suitable for an unconstrained Reitveld refinement 
and gave atomic positional parameters that agreed to within about 20', on average, 
with those of Morosin et al (1987). The gain in the signal-to-noise ratio, allowing 
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this free refinement of the structure, was determined to be a factor of two greater 
than the 0 tonne data collection for the sample contained within the pressure 
cell. As the residual 1.5% of '°B contained within the B 4 C accounts for almost 
all the sample absorption, an appreciable gain in the signal ought to be achieved 
by simply increasing the "B enrichment level. Detailed analysis of the absorption 
paths through the sample pellet indicates that a factor of two gain in the signal 
can be achieved with an "B enrichment level of about 99% and B 4 C samples with 
this enrichment level can be prepared (Angel (1992)), although with considerable 
difficulty. Consequently, if the signal-to-noise ratio of the 'high-pressure' powder 
patterns of B 4C can be doubled, by increasing the 11 13 enrichment level of the 
sample, it ought to be possible to follow the full structural changes of B 4 C with 
neutron diffraction techniques using the Paris-Edinburgh cell. Nevertheless, the 
structural information derived from the present high-pressure neutron powder-
diffraction study has proved to be extremely useful in determining the pressure 
dependence of the B 11 C-icosahedra. 
The single-crystal x-ray diffraction study of a-boron illustrates the high quality 
of data that can now be collected using a sealed tube laboratory x-ray source 
mounted on a standard four-circle diffractometer. Combining the use of a tung-
sten gasket, to eliminate a significant fraction of the background generated by 
the pressure cell, and the measurement of reflections at three points around the 
scattering vector, to identify and eliminate those sample reflections affected by 
simultaneous diamond reflections, it has been possible to successfully refine the 
crystal structure of a material whose atomic scattering power is comparable to that 
of the beryllium x-ray windows of the diamond anvil cell. It is also interesting 
to note that, as the typical sample dimensions for a high-pressure single-crystal 
x-ray diffraction study are of the order of 100 x 100 x 100 Mm 3,  the a-boron 
crystal employed in this study has a volume that is only 7% of that normally used 
—further reducing the effective scattering power of the sample. Recently, Hazen 
et al (1987) have used x-ray single-crystal techniques, on a standard laboratory 
diffractometer, to determine the crystal structure of solid 112 at 5.4 GPa. As 
the crystal was found to assume the hexagonal-close-packed structure (P6 3 /mmc, 
Z=2, V=26.55A3 ), the atomic coordinates are fixed by the crystal symmetry and 
only a single isotropic thermal parameter had to be refined. Therefore, as the 
elements He, Li and Be also adopt crystal structures that fix the atomic positions 
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by symmetry (Donahue (1982)), the preseht study of os-boron has successfully de-
termined the full structural pressure dependence, including the refinement of the 
atomic positional parameters, of the most weakly scattering material that has yet 




The principal aim of this thesis was to examine the techniques by which crys-
tal structures are determined at high pressure, whether using powders or single-
crystal x-ray or neutron radiation, and to apply the full range of the more recently 
developed state-of-the-art techniques to a number of interesting structural stud-
ies. To this end, a detailed review of high-pressure diffraction equipment and 
techniques has been presented, and the limits imposed on the collection of reli-
able diffraction data for the determination of accurate crystal structures at high 
pressure, prior to this thesis, have been described. An understanding of these lim-
itations has allowed several major improvements to have been made using both 
x-ray and neutron-diffraction techniques on both powder and single-crystal sam-
ples. 
For single-crystal x-ray diffraction, the very high absorption offered by tungsten 
gaskets for both MoKa and AgKa radiation has allowed extremely high quality 
data to be collected. The study of KTP illustrates how it is now possible to 
follow the structural changes of a crystal with pressure using AgKo radiation to 
a precision that is at least equivalent to that obtainable using MoKc radiation. 
Therefore, the use of tungsten gaskets significantly reduces many of the problems 
that have been associated with the use of AgKa radiation for high-pressure struc-
tural studies (Levien et at (1980)). The study of a-boron also illustrates that it 
is now possible, using a tungsten gasket to shield the detector from a significant 
fraction of the background generated by illuminated pressure cell components, to 
collect reliable intensity data for the full structure determination of very weakly 
scattering materials with standard laboratory based equipment. 
Simultaneous diffraction in the diamond anvils has been shown to reduce the 
intensity of a sample reflection by as much as 50% and, therefore, it is extremely 
important that those affected reflections are identified and eliminated from the 
data set so that the pressure dependence of a crystal structure can be determined 
accurately. For this reason, the data collection strategy developed by Loveday 
et at (1990), and reviewed in some detail in section 3.2.3, was adopted for the 
crystal-structure studies of KTP and a-boron. 
For single-crystal neutron-diffraction studies, the combination of the Ahsbahs 
pressure cell and a position-sensitive detector has allowed the collection of in-
tensity data that is not only extremely accurate but is also distributed over a 
relatively isotropic region of reciprocal space. As the position-sensitive detec-
tor is more sensitive to weak reflections than a single-detector (Lehmann et at 
(1989)) and also allows the accurate intensity integration of sample reflections in 
the proximity of contaminant scattering features from the pressure cell, its use 
was particularly important for the study of KDP at 2.9 GPa where the sample 
was an order of magnitude smaller in volume than that used by Tibballs ci at 
(1982) (with a correspondingly lower scattering power) and the steel anvils of 
the pressure cell generated particularly intense powder lines (as was previously 
shown in figure 2.24). Although the precision on the refined atomic positional 
parameters is somewhat poorer than those of Tibballs et al, the study of hDP 
at 2.9 GPa, nevertheless, has precision significantly better than the correspond-
ing single-crystal x-ray diffraction study of Endo et at (1989) and is the highest 
pressure single-crystal neutron-diffraction study undertaken to date. 
The development of the Edinburgh-Daresbury Imaging Plate system uniquely pro-
vides the means of refining the atomic positional parameters, using the Rietveld 
method, from x-ray powder diffraction data collected from a sample contained at 
high-pressure within a diamond-anvil cell. Although the 13 4C sample powder was 
insufficiently finely ground to allow an adequate powder averaging for a successful 
structural refinement, the study of 13 4 C, which was the first to attempt to de-
termine the structural changes of a single-phase material with pressure using the 
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imaging plate system, does show that extremely precise, and accurate, equations 
of state can be determined if sufficient care is taken to eliminate systematic error. 
Certainly, as the diffraction peaks are well defined and lie on an extremely flat 
background, which would otherwise make the B 4 C pattern ideally suited to the 
Rietveld refinement method, it appears that given a sample powder with suffi-
ciently small crystallites (and the proposed cell-rocking mechanism described in 
section 3.3.4), to give an adequate powder averaging, it will be possible to refine 
the full crystal structures of weakly scattering (low Z) materials. Therefore, the 
combination of the image plate, with minimal background and careful collimation 
(to remove contaminant scattering), conical-aperture diamond anvil cells (to give 
full two-dimensional images) and a data analysis algorithm for integrating around 
the Debye-Scherrer rings (to improve powder averaging) clearly offers a great deal 
for high-pressure x-ray powder-diffraction. 
The development of the Paris-Edinburgh pressure cell provides an unrivaled op-
portunity for studying crystal structures above 10 CPa with neutron powder-
diffraction techniques and the Reitveld refinement method. However, the struc-
tural study of 13 4C, and recently equation-of-state measurements of 3-boron (Nelmes 
et al (1993)), does highlight the problem of maintaining hydrostatic conditions 
at such high pressures without a pressure transmitting fluid. It is, therefore, 
extremely important that a suitable pressure transmitting fluid, other than the 
prohibitively expensive deuterated alcohol mixtures, is found to enable the Paris-
Edinburgh cell to be used to its full advantage. 
Finally, although the newly developed techniques described in this thesis have 
allowed significant gains to be made for the determination of crystal structures at 
high pressure, it is, perhaps, worth speculating what other possible advances can 
be made in this field of research in the near future. 
With the development of the new generation of brilliant synchrotron radiation 
sources, such as the ESRF in Grenoble, France, it appears that there are exciting 
prospects for high-pressure x-ray diffraction. The obvious advantages of the very 
intense radiation, the availability of high-photon flux at short wavelengths and 
the high inherent collimation of the synchrotron beam will offer significant gains 
in the signal-to-background ratio, allowing the precise measurement of extremely 
'gel.] 
weak reflections from weakly scattering (low Z) samples or from very small sample 
volumes. The decrease in sample volume offers the prospect of increasing the 
pressures that are currently obtainable, perhaps into the 1 TPa region. 
In order to benefit from the high intensity provided by the new generation of syn-
chrotrons and to improve the signal currently measurable with the synchrotron 
sources available at present, a new conical diffraction geometry is being developed 
for energy-dispersive powder-diffraction techniques (Hausermann (1992)). This 
new diffraction geometry, which uses a short conical diffracted-beam slit, not only 
ensures that the detector views the central region of the sample, thereby eliminat-
ing the detected parasitic scatter, but also increases the measured signal and effec-
tive powder averaging by allowing a larger solid angle of the diffracted radiation to 
be detected over conventional collimation techniques. The increased powder aver-
aging may allow accurate intensity data to be collected with the energy-dispersive 
technique and, combined with some recent success at applying Rietveld refinement 
to energy-dispersive data (Neuling and Holzapfel (1992)), it may soon be possible 
to perform full structure determination (including the location of atoms not fixed 
by the crystal symmetry) with energy-dispersive x-ray powder-diffraction methods 
at high pressure. - 
The Edinburgh-Daresbury image plate system has already proved that the use of 
an image plate aretdetector is a very powerful technique for the study of poly-
crystalline samples at high pressure. As the image plate is certainly sensitive 
enough to discern the intensity of individual crystallites within a powder sample 
(as has been previously shown in figure 3.8 for the recrystallisation of InSb into a 
new phase at about 3.9 GPa), it may soon be possible to use the image plate as 
an area detector for monochromatic angle-dispersive studies of single-crystals at 
high pressure. The low divergence of the synchrotron beam compared to standard 
laboratory x-ray sources will allow a more pronounced separation of the reflec-
tions from the background with an accompanying improvement in the counting 
statistics, particularly for weak reflections. Comparative diffractometer studies of 
A1PO4 at 2.90 GPa, conducted by Schulz and Sowa (1992), have already shown 
that a substantial gain in data quality can be achieved when synchrotron radiation 
is used rather than a laboratory x-ray source. It may also prove possible, with 
the use of so-called micro-crystals (approximately 10 x 10 x 10 urn 3  in dimen- 
sions), to take a single-crystal through a strongly first-order phase transition that 
would otherwise cause larger crystals to shatter, allowing single-crystal studies of 
high-pressure phases that would otherwise require powder-diffraction techniques. 
Although high-pressure single-crystal neutron-diffraction studies have been per-
formed at reactor based sources for a number of years, little or no structural work 
has been performed at high pressure with the Laue technique using spallation 
neutron sources. This is unfortunate as the considerable neutron flux at short 
wavelengths that such sources provide offers the prospect of very high resolution 
(5e/>2.oA -1 ) structural studies. The use of the Paris-Edinburgh cell, although 
its diffraction geometry is somewhat limited, would allow high-pressure structural 
studies to be made at pressures in excess of 10 GPa - a considerable advance on 
what has been achieved with monochromatic single-crystal neutron diffraction to 
date. 
This then is an exciting time in the field of high-pressure crystallography. Modern 
laboratory, synchrotron and neutron sources, combined with advances in detector 
and pressure cell technology, are stimulating the rapid development of diffraction 
techniques to allow the collection of high-pressure data of sufficient quality to 
carry out full crystal-structure refinement. 
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Abstract. The crystal structure of KTiOPO4 (KTP) has been determined as a function of 
pressure up to 5 GPa at room temperature, using x-ray diffraction techniques and a single-
crystal sample. The principal changes with pressure are in the coordination environments 
of the potassium atoms and in the linking angles of the T106—PO4 structural framework. 
In general the distortions of the 1106 octahedra, which have been linked to the second 
harmonic generating properties of icn', are retained although there are some small 
changes in the 11-0 bond lengths. The overall structural changes are consistent with a 
first-order character for the phase transition at 5.5 GPa. 
1. Introduction 
Potassium titanyl phosphate, KTiOPO 4 (KT?), exhibits highly non-linear optical prop-
erties and is finding an increasing number of applications in the field of optoelectron-
ics. At room temperature the structure of KTP assumes the acentric Pna21 space 
group with lattice parameters a = 12.819(3) A, b = 6.399(1) A, c = 10.584(2) A, 
V = 868.1 A3 [1]. The principal structural origin of this non-linear optical behaviour 
has been considered to be the anomalously short Ti-O bonds in the highly distorted 
Ti06 octahedra [2], which form characteristic chains in the [011] and [011] directions, 
linked by alternately long and short Ti-O bonds (e.g. the chain A, B, C, D, E in fig-
ure 1). Several structural analogues of KTP have been reported where K is substituted 
by (for example) Rb or TI [3], P by As [4] and more recently where Ti is substituted 
by (for example) Sn [5] or Fe [6]. All of these have been extensively reviewed [7]. The 
KTP structure shows a pronounced pseudosymmetry derived from the centric Prian 
space group and recently the thallium analogue TITiOPO 4 (TrrP) has been reported 
to undergo a transition into this Pnan symmetry at 923 K [8]. In addition to this, 
a high-pressure Raman study of KT?, carried out by Kourouklis et a! [9], provides 
evidence of a phase transition at 5.5 GPa to an, as yet, uncharacterized phase. This 
Raman study shows that there is an increase in the number of modes at the 5.5 GPa 
phase transition, which indicates a lowering of the symmetry or a multiplication of the 
unit cell. The mechanism of the transition is proposed to be polyhedral tilting in the 
Ti06 -PO4 framework being driven by the softening low-frequency Raman mode near 
56 cm-1 . This mode, which has been associated with the potassium atoms [10], has 
a small discontinuity at the phase transition, indicating that the transition is weakly 
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first order. On release of pressure the original Raman spectrum appears with no 
microscopic change in the appearance of the sample. This indicates that although the 
transition is first order it is reversible. A high-pressure structural study of KTP was 
mentioned briefly towards the end of a review article by Stucky et a! [7] although it 
has not been reported in more detail elsewhere. No structural results are given apart 
from a bond angle change of 6.1 *  at 1 GPa for an unspecified P—O—Ti linking bond. 
In the absence of any other information regarding the pressure dependence of icri 
the present investigation was undertaken to establish the major structural changes 
occurring as the phase transition at 5.5 GPa is approached. 
0 	 0 	 0 
Figure 1. The structure of KTiOPO 4 viewed along the b-axis. The shaded circles 
represent the titanium atoms and the atoms labelled A, B, C D, E are titanium atoms 
forming a chain linked by alternately long and short Ti—OT bonds. 
2. The experiment and data analysis 
A single crystal of flux-grown K'IT was cut to the approximate dimensions of 
100 pm x 100 pm x 100 pm and the resulting fragment was mounted and cen-
tred on a CAD4 four-circle diffractometer. The crystal quality was then checked and 
the crystallographic axes determined relative to the somewhat irregular crystal shape. 
A series of 0 scans was also performed to ensure that the crystal absorption had 
been adequately characterized. The data were to be collected using a Merrill—Bassett 
diamond-anvil pressure cell (DAc) which limits the region of accessible reflections to 
that lying close to the reciprocal lattice plane parallel to the diamond-anvil faces. In 
order to determine how the crystal should be mounted in the DAC, a series of trial 
refinements was performed on a previously collected three-dimensional ambient data 
set, taking the structural parameters of Thomas et a! [1] as starting values. Regions of 
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inaccessible reflections were removed from the data to simulate the crystal mounted 
with either the a-, b- or c-axes perpendicular to the plane of the diamond-anvil face. 
The results of these refinements indicated that the lowest correlations between the 
positional parameters were observed for the a-axis setting. It was also found that 
the errors for the x-coordinates were not significantly higher than those for the y-
and z-coordinates despite the a-axis being the direction of lowest resolution in the 
restricted data set. Therefore, it was decided to mount the crystal with its a -axis 
perpendicular to the diamond-anvil face. 
The sample was secured to one diamond face, using petroleum jelly, with chips 
of ruby placed beside it for pressure calibration. The DAC was then assembled with 
a tungsten gasket confining the sample and a 4:1 methanol-ethanol fluid (dried with 
molecular sieve) used to transmit the pressure. Initially the cell was taken to a 
very low pressure of 0.2 GPa (measured to ±0.05 GPa using the ruby fluorescence 
method) which is just adequate to ensure the cell is firmly sealed and the crystal 
mounting secure. The DAC was centred on the CAD4 and the sample carefully 
aligned using graphite-monochromated Ag Kc x-rays. This wavelength was chosen 
due to the superior resolution and lower absorption it offers over Mo K [11]. 
A low-pressure reference data set was then collected, measuring each reflection 
with the w-scan method at the position of least attenuation by the pressure cell, 
according to the procedure of Finger and King [12]. The reflections were also mea-
sured at three positions over a narrow range around the scattering vector to detect 
and eliminate errors due to simultaneous diffraction by the diamond anvils [13]. Ini-
tially data were carefully collected in the region of 0 0 <0 < 15 0 and, with a slightly 
increased scan speed, in the region of 15 0 < 0 < 301 . At least two equivalents 
were present (±h, —k, ±1) in both shells. Reflections for which either the incident 
or reflected beam lay beyond 37 0 from the cylindrical symmetry axis of the cell were 
not collected, leaving a small safety margin on the limit (40 1 ) imposed by the steel 
mounting of the beryllium discs [4]. All reflections affected by simultaneous diamond 
reflections were removed from the data set. After applying a correction for the ab-
sorption of both the pressure cell [12, 14] and the sample, the data were averaged 
over repeated measurements and used for an initial least-squares refinement of the 
structure, including an extinction correction, using the Prometheus crystallographic 
programs [15]. The structural parameters obtained by Thomas et al [1] were taken 
as starting values. It became apparent that since many of the reflections were rel-
atively weak, particularly for the second shell, it was very important that the most 
structurally sensitive of these weak reflections were identified and their intensities 
measured more accurately. This was achieved with the 'leverage' procedure [16] as 
implemented by Hazen and Finger [17], which uses the derivatives calculated by the 
least-squares program to identify reflections most sensitive to the variable parame-
ters of interest. The intensities of the 'leveraged' reflections were then remeasured 
with increased counting times, to improve their precision, and added to the data 
set. Structure factors were calculated for the remaining accessible reflections and for 
reflections whose intensities had not already been measured accurately. The strong 
and intermediate reflections predicted from these calculations were measured, as ac-
curately as the 'leveraged' reflections, and added to the data set. All of the poorly 
determined reflections (I < 3a( I)) present in the second shell were removed from 
the refinement. This had little effect on either the refined coordinates or on the 
magnitude of their errors. The resulting data set, which covers the whole range of ac-
cessible reflections (up to sin 0/A = 1.0 A'), was then used for a final least-squares 
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structural refinement. As for the initial refinement, all the reflections not rejected 
due to simultaneous diamond reflections were corrected for pressure-cell and sam-
ple absorption and averaged over identical reflections. In order to assign weights 
correctly to the reflections in the data set, averaging over the equivalent reflections 
and leveraged reflections only occurred after the final structural refinement. In the 
least-squares refinement each reflection was assigned a weight w = 1 /[o 2(F0 ) + f], 
where o-( F0 ) is the ESD for the observed structure factor and f is an estimate of the 
irreducible uncertainties in the measurement of intensities [18] (taken in this case to 
be 3% of the observed intensity of each reflection). Averaging over the equivalent 
reflections after the refinement allowed the internal consistency of the data to be 
determined. 
The positional parameters for all of the atoms refined stably with no significant 
correlations between them. However, due to the rather limited data set, this was 
not found to be the case for the thermal parameters, and various constraints had to 
be applied. For all except the potassium atoms, only isotropic temperature factors 
were refined. This seems appropriate since the ambient structural study, carried out 
by Thomas eta! [1], demonstrates that the potassiums are the only atoms exhibiting 
significantly anisotropic thermal motion: the other atoms, which form the Ti0 6 —PO4 
framework, have thermal motions which are almost isotropic. A further constraint 
was introduced by holding the anisotropic thermal parameters directed along a (the 
direction of lowest resolution in the data) to their ambient values. With all these 
constraints applied, the refinement converged and gave physically reasonable thermal 
parameters for the K, Ti and P atoms. However, the oxygen atoms were less well 
defined and additional constraints had to be applied to them. Since the oxygen atoms 
all have similar environments, their isotropic thermal parameters were all constrained 
to be the same, except for those involved in the short Ti—O bonds (labelled OT1 and 
0T2). The parameters for these two atoms were kept the same as each other, but 
allowed to differ from the other oxygens. In order to determine the effect of these 
further constraints, Hamilton's R-factor test [19] was applied between refinements 
where the oxygen thermal parameters were allowed to refine freely and where they 
were constrained. The test revealed that the constraints changed the R-factor by less 
than the 90% confidence limit and are therefore not statistically significant for the 
data [20]. The refined positional parameters were also found to agree to within 1 .5cr 
or better, indicating that the constraints had not biased the refinement significantly. 
Physically reasonable values were then obtained for all the thermal parameters al-
though the errors were fairly large. The anisotropic thermal parameters for the 
potassium atoms agreed with the values obtained by Thomas et a! [1] to within 20% 
while the isotropic thermal parameters for the other atoms agreed with 'frodjman et a! 
[2] to within a factor of two. As a final check that the thermal-parameter constraints 
did not affect the positional parameters, a full data set, measured at ambient pres-
sure, was refined with anisotropic thermal parameters for all the atoms. The results 
were compared with a second refinement where the above constraints had all been 
applied, and there were no significant differences between the positional parameters 
for the two refinements (all agreeing to within oP ). 
The purpose of the low-pressure reference data set was to determine to what 
extent (if at all) the restrictions imposed by the pressure cell bias the data, as well as 
establishing a reasonable data-collection strategy. Any bias in the data may result in 
some small offsets in the refined positional parameters from their ambient pressure 
values. The low-pressure reference data set therefore provides a secure starting point 
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from which any changes in the structure can be determined from data measured at 
higher pressures. 
Data were collected for pressures of 2.2, 3.7 and 4.7 GPa following the strategy al-
ready outlined for the 0.2 GPa reference data and at each pressure, including 0.2 Gpa, 
the unit-cell dimensions were determined accurately by the four-equivalent-settings 
procedure of King and Finger [21] which corrects for any sample miscentring, and 
the pressure was remeasured after the data collection to ensure it had remained 
constant. Again the data were corrected for pressure-cell and crystal absorption and 
averaged over identical reflections. As already explained, averaging over equivalent 
reflections was carried out after the final refinements and allowed the internal con-
sistency of each data set to be determined. 
3. Results and discussion 
Tble 1 presents the refined atomic coordinates, the measured unit-cell dimensions 
and unit-cell volume, the number of independent reflections, the number of refined 
parameters and the goodness-of-fit expressed as an R-factor. The results of the 
atmospheric-pressure study conducted by Thomas et al [1] are also given for com-
parison. All the R-factors for the high-pressure data are similar and the refined 
scale factors (not given) show only a small monotonic variation in the sequence in 
which the data were collected. The bond lengths of the K cages, Ti octahedra and P 
tetrahedra derived from these refinements are given in table 2. 
The unit-cell volume is plotted as a function of pressure in figure 2. A Murnaghan 
fit to the values, using the Volfit program [22], yields a bulk modulus B0 = 58±8 GPa 
with a curvature of B' = 15±4. The unit-cell volume decreases by 2.8(1)% at 
2.2 GPa, comparable with that of the anorthite feldspar (CaAI 2 Si2 08 ) which exhibits 
a decrease of 28(1)% at 2.5 GPa [23]. Anorthite has similar structural properties to 
those of icrp and will be described in more detail later. 











Figure 2. The unit-cell volume of KTiOPO4 as a function of pressure. The atmospheric-
pressure value, shown as •, is calculated from the unit-cell dimensions of Thomas et 
a! [1]. Note that errors are smaller than the symbols shown. The line is fitted to the 
high-pressure points using a Murnaghan function. 
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Thble I Unit-cell dimensions (A), unit-cell volume (As) and refined atomic fractional 
coordinates of K1'iOPO4 as a function of pressure. The number of independent reflec-
tions (Ni), the number of refined parameters (Nr) and the weighted R factor (R) are 
also given. The R-factor for the refinements is defined as follows: 
R 	




where N is the number of refined reflections and w is the weight assigned to each 
reflection. The estimated standard deviations (Esos) for each of the values are given in 
parentheses. Note that the Prometheus refinement program requires that one atom be 
fixed along the polar axis. The Ti! z coordinate was chosen to be fixed, and so no uso 
is quoted for it. The atmospheric-pressure (Al') values were calculated from the refined 
atomic fractional coordinates of Thomas et at [1]. 
Pressure (GPa) 
A? [1] 0.2 GPa 2.2 GPa 3.7 OPa 4.7 GPa 
a (A) 12.819(3) 12.832(7) 12.705(7) 12.639(7) 12.620(8) 
b (A) 6399(1) 6.412(3) 6363(2) 6.331(2) 6.315(4) 
c (A) 10.584(2) 10.586(4) 10.505(4) 10.447(4) 10.417(5) 
V (As) 868.1(4) 871(1) 849(1) 836(1) 830(1) 
K! 	x 0.37807(8) 0.3795(5) 0.3813(5) 0.3815(5) 0.3818(4) 
y 0.7806(1) 0.7799(5) 0.7796(5) 0.7807(5) 0.7819(5) 
z 0.6880(1) 0.6867(4) 0.6860(4) 0.6855(4) 0.6853(5) 
K2 	x 0.10526(7) 0.1049(6) 0.1049(6) 0.1045(5) 0.1046(4) 
y 06990(1) 0.6989(5) 0.6946(5) 0.6921(4) 0.6911(5) 
z 0.9332(1) 0.9331(6) 0.9325(5) 0.9332(5) 0.9320(6) 
Ti! 	x 0.372 90(4) 0.3737(4) 0.3728(3) 0.3733(3) 0.3743(3) 
y 0.5001(1) 0.5013(5) 0.5004(4) 0.5013(4) 0.5006(4) 
z -000040(8) -0.0004 -0.0004 -0.0004 -0.0004 
Ti2 	x 0.246 58(6) 0.2450(6) 0.2450(5) 0.2467(5) 0.2461(4) 
y 0.2695(5) 0.2697(4) 0.2690(4) 0.2686(3) 0.2685(3) 
z 0.748 36(9) 0.7483(5) 0.7480(5) 0.7484(5) 0.7486(6) 
P1 	x 0.498 08(8) 0.4986(8) 0.4981(8) 0.4980(7) 0.4970(6) 
y 0.3363(1) 0.3360(4) 0.3338(4) 0.3318(4) 0.3318(4) 
z 0.7397(1) 0.7409(6) 0.7419(6) 0.7409(5) 0.7404(6) 
P2 	x 0.18079(7) 0.1822(6) 0.1815(6) 0.1805(5) 0.1797(5) 
y 0.5020(1) 0.5000(9) 0.5003(7) 0.5029(8) 0.5024(6) 
z 0.4872(1) 0.4882(6) 0.4874(5) 0.4882(5) 0.4891(6) 
01 	x 0.4859(2) 0.4852(14) 0.4873(12) 0.4868(13) 0.4890(12) 
y 0.4867(5) 0.4894(12) 0.4863(12) 0.4873(12) 0.4857(13) 
z 0.8497(2) 0.8478(9) 0.8522(8) 0.8500(9) 0.8481(11) 
02 	x 0.5103(2) 0.5142(17) 0.5087(13) 0.5094(14) 0.5100(10) 
y 0.4657(5) 0.4616(12) 0.4604(12) 0.4583(13) 0.4600(13) 
z 0.6170(2) 0.6168(8) 0.6146(8) 0.6162(8) 0.6174(11) 
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Pressure (GPa) 
AP [1] 0.2 GPa 2.2 GPa 3.7 GPa 4.7 OPa 
03 z 0.4004(2) 0.4009(12) 0.4023(12) 0.4009(12) 0.4004(9) 
Y 0.1986(4) 02037(13) 0.1981(14) 0.1920(14) 0.1897(13) 
z 0.7208(2) 07192(10) 0.7234(9) 0.7226(10) 0.7272(13) 
04 x 0.5934(2) 0.5908(15) 0.5929(14) 0.5918(14) 0.5917(11) 
Y 0.1930(4) 0.1888(13) 0.1851(13) 0.1836(13) 0.1840(14) 
z 0.7589(2) 0.7572(9) 0.7590(9) 0.7583(10) 0.7574(11) 
OTI x 0.2248(2) 0.2226(14) 0.2233(14) 0.2273(13) 0.2274(12) 
Y 0.9653(4) 0.9694(16) 0.9714(15) 0.9737(14) 0.9703(15) 
z 03561(2) 0.3537(10) 0.3537(9) 0.3354(9) 0.3566(11) 
0T2 x 0.2232(2) 0.2195(17) 0.2205(14) 0.2218(14) 0.2219(12) 
Y 0.0413(5) 0.0423(18) 0.0388(17) 0.0428(15) 0.0407(15) 
z 0.6097(2) 0.6088(12) 0.6097(11) 0.6119(10) 0.6126(11) 
05 x 0.1126(2) 0.1118(14) 0.1089(14) 0.1126(11) 0.1094(10) 
Y 0.3106(4) 0.3162(13) 0.3141(12) 0.3177(12) 0.3143(12) 
z 0.4585(2) 0.4560(10) 0.4545(9) 0.4574(10) 0.4594(15) 
06 x 0.1113(2) 0.1119(15) 0.1120(15) 0.1087(15) 0.1083(13) 
Y 0.6918(4) 0.6938(13) 0.6904(12) 0.6961(12) 0.6937(13) 
z 0.5117(3) 0.5129(11) 0.5127(9) 0.5124(10) 0.5126(12) 
07 x 0.2525(2) 0.2506(17) 0.2551(17) 0.2575(15) 0.2560(13) 
Y 0.5402(5) 0.5420(16) 0.5415(15) 0.5364(15) 0.5419(15) 
z 0.3718(2) 0.3713(10) 0.3720(9) 0.3734(10) 0.3747(11) 
08 x 0.2528(2) 0.2522(14) 0.2560(11) 0.2542(12) 0.2536(12) 
Y 0.4619(5) 0.4598(16) 0.4598(14) 0.4602(15) 0.4602(16) 
z 0.6008(2) 0.6014(12) 0.6003(10) 06015(11) 0.6006(12) 
Ni 2158 490 491 496 417 
Nr 145 65 65 65 65 
R w  0.024 0.044 0.042 0.047 0.051 
From table 1 it is clear that the K2 atom exhibits a shift under pressure while the 
Ki atom remains relatively stationary. 1b illustrate this, their fractional coordinates 
are plotted as a function of pressure in figure 3. The potassium atoms occupy 
cavities, or cages, in the Ti0 6 -PO4 framework and are loosely held in the structure. 
The movement of the K2 atom suggests that its cage exhibits a significant pressure 
dependence. This pressure dependence will manifest itself as a relative movement in 
the Ti06 -PO4 framework and, upon examination of table 1, it is evident that the P1, 
P2 and 03 atoms undergo clear shifts. lb illustrate the shifts, the fractional coordinate 
changes for the Pt and 03 atoms are also shown in figure 3 (note that P2 has a shift 
of similar magnitude to that of Pt and is not shown in the figure). The small but 
significant offset of the 03 y-coordinate at 0.2 GPa from the atmospheric-pressure 
value illustrates the need for the low-pressure reference data set in determining trends 
in the structure. 
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Table 2. The bond lengths (A) of the K cages, Ti octahedra and P tetrahedra in KTiOPO4 
as a function of pressure. The atmospheric-pressure (Al') values were calculated from 
the refined atomic fractional coordinates of Thomas ci a! [1]. 
Pressure (GPa) 
,p [1] 	0.2 GPa 	2.2 GPa 	3.7 GPa 	4.7 GPa 
K(1)08 K1-01 1894(4) 2.867(12) 2.889(11) 1859(11) 2.865(12) 
K1-02 2.738(4) 2.775(16) 2.703(13) 2.702(14) 2.693(12) 
K1-03 2.712(3) 2.753(10) 2.705(10) 2.644(10) 2.622(10) 
K1-05 2.872(3) 2.862(10) 2.832(9) 2.851(10) 2.864(15) 
K1-07 3.057(3) 3.071(14) 3.099(15) 3.092(12) 3.100(13) 
K1-08 2.755(4) 2.774(15) 2.736(11) 2.734(13) 2.743(13) 
Ki-OT1 2.995(3) 2.967(12) 2.953(12) 1969(11) 2.992(12) 
K1-0T2 2.722(4) 2.780(19) 2.745(16) 1724(16) 2.705(13) 
K(2)09 K2-01 2.677(3) 2.677(12) 2.658(12) 2.663(15) 2.656(11) 
K2-02 2.982(3) 2.991(14) 2.933(11) 2.927(12) 2.950(12) 
K2-03 3.045(3) 3.029(11) 3.057(10) 3.024(11) 3.075(12) 
K2-04 3.117(3) 3.112(9) 3.031(8) 3.003(9) 2.991(10) 
K2-05 2.806(3) 2.793(19) 2.727(18) 2.757(16) 2.717(14) 
K2-07 2.918(4) 2.951(15) 2.905(14) 2.861(14) 2.891(13) 
K2-08 3.048(4) 3.055(16) 3.013(14) 3.027(14) 3.028(14) 
K2-OT1 2.765(4) 2.789(15) 2.733(15) 2.663(15) 2.656(15) 
K2-0T2 3.057(4) 3.089(22) 3.062(17) 3.033(17) 3.039(15) 
Ti(1)06 Ti1-01 2.150(3) 2.153(13) 2.126(12) 2.123(13) 2.144(14) 
Ti 1-02 1.958(3) 1.915(17) 1.946(14) 1.936(15) 1.923(13) 
Ti1-05 2.042(3) 2.079(8) 2.065(8) 2.058(8) 2.035(9) 
Til-06 1.987(3) 1.985(8) 1.986(8) 1.950(8) 1.956(9) 
Til-0T1 1.981(3) 1.988(14) 1.968(13) 1.978(13) 1.975(13) 
Til-012 1.716(3) 1.684(17) 1.675(13) 1.700(13) 1.710(13) 
Ti(2)06 Ti2-03 2.044(3) 2.067(15) 2.065(16) 1026(15) 2.022(11) 
Ti2-04 1.981(3) 1.999(16) 1.958(17) 1.983(17) 1.974(13) 
Ti2-07 1.965(3) 1.957(11) 1.948(10) 1.967(10) 1.942(10) 
Ti2-08 1.990(3) 1.978(11) 1.975(10) 1.958(10) 1.963(11) 
Ti2-0T1 1.733(3) 1.749(12) 1.748(10) 1.745(10) 1.732(11) 
Ti2-0T2 2.092(3) 2.101 (12) 2.086(11) 2.043(11) 2.042(11) 
P(1)04 P1-01 1.519(3) 1.509(10) 1.517(9) 1.513(9) 1.489(12) 
P1-02 1.548(3) 1.554(9) 1.567(9) 1.537(9) 1.525(12) 
P1-03 1.544(3) 1.531(15) 1.505(15) 1.525(14) 1.520(12) 
P1-04 1.541(3) 1.523(17) 1.542(18) 1.523(17) 1.527(13) 
P(2)04 P2-05 1.535(3) 1.523(15) 1.540(14) 1.488(13) 1.515(10) 
P2-06 1.528(3) 1.557(14) 1.521(15) 1.544(15) 1.526(12) 
P2-07 1.548(3) 1.541(15) 1.553(16) 1.559(14) 1.553(14) 
P2-08 1.537(3) 1.520(13) 1.539(12) 1.530(13) 1.513(13) 
In order to determine the relative compressibilities of the K cages, the PO 4 tetra-
hedra and the Ti0 6 octahedra, their volumes were calculated for all four pressures 
by dividing each unit into constituent irregular tetrahedra. The PO 4 tetrahedra and 
T106 octahedra require one and four such tetrahedra respectively, with an oxygen 










A high-pressure structural study of KTP 	 2755 
0 DISPLACEMENT 
1 
	DISPLACEMENT 	 0.0040 
0 . 0040 1 
- --
__.K1 	 03 



















0 	 O. 	 u 	Ti: 	3.0 	LO 	t,.O 
PRESSURE lCPoT 	 INISSUNE SPOT 
(a) 	 (b) 
Figure 3. (a) Fractional coordinate changes for the K! (0) and K2 () atoms, and (b) 
for the P1 (0) and 03 () atoms in KTiOPO4 relative to the 0.2 GPa values. The 
atmospheric-pressure values, shown as • and &, are from Thomas et al [1]. Note that 
some of the points have been translated slightly along the pressure axis to avoid overlap. 
The broken and full lines are a guide to the eye only. 
by placing a K atom at one vertex and neighbouring oxygen atoms at the remaining 
three vertices. Describing the volume of the cage sites in this way requires twelve and 
fourteen such tetrahedra for the K(1)0 8 and K(2)09 cages respectively. The volume 
of each of the irregular tetrahedra can be readily calculated from the appropriate 
bond lengths and bond angles and then summed to yield the volume of each struc-
tural unit. As can be seen from table 3, all the units show a decrease in volume under 
pressure, although their relative volume changes are quite different: the K cages have 
a 5.7 ± 1% reduction in volume at 4.7 GPa, while the Ti octahedra and P tetrahedra 
have 2.8 ± 2% and 2.4 ± 2% reductions respectively. Therefore, it seems that the 
large potassium cage sites are readily compressible and absorb a significant fraction 
of the overall 4.7 ± 0.2% reduction in the unit-cell volume at 4.7 GPa. The average 
volume change of the K cage sites is plotted in figure 4 along with the change in the 
unit-cell volume. It is evident from figure 4 that the curvature of the pressure—volume 
relationship is significantly greater for the K cages than for the unit cell. 
From figure 1, which presents the structure of K'rP projected along the b-axis, it 
is evident that the environments for the Ki and K2 atoms are quite different. The 
K(2)09 cage forms a channel, parallel to the b-axis, which runs through the entire 
crystal structure and along which the K2 atom may be expected to move relatively 
2756 	D R Allan et al 
Table 3. The pressure dependence of the average M-O bond lengths (A) in the 1106 
octahedra, PO4 tetrahedra and K cages of KT1OPO 4 and of the volumes (As) of these 
structural units. The definition of the volumes is discussed in the text. The atmospheric-
pressure (Al') values were calculated from the refined atomic fractional coordinates of 
Thomas et al [1]. 
Pressure (GPa) 
Al' [1] 	0.2 GPa 	2.2 GPa 	3.7 GPa 	4.7 GPa 
1106 octahedra 
Average bond length (A) 1.970(3) 1.971(13) 1.962(12) 1.956(12) 1.952(12) 
Volume (As) 10.08(5) 10.08(18) 9.94(17) 9.86(17) 9.80(16) 
PO4 tetrahedra 
Average bond length (A) 1.537(3) 1.532(13) 1.534(13) 1.527(13) 1.521(12) 
Volume (A3 ) 1.86(1) 1.84(5) 1.86(5) 1.83(5) 1.80(4) 
K! cage 
Average bond length (A) 2.843(4) 2.856(14) 2.833(12) 2.822(12) 2.823(12) 
Volume (As) 26.15(6) 26.46(36) 25.72(33) 25.14(34) 25.00(31) 
1(2 cage 
Average bond length (A) 2.934(3) 2.943(15) 2.902(13) 2.884(14) 2.889(13) 
Volume (As) 34.71(7) 35.12(45) 33.46(45) 32.91(45) 33.03(45) 
freely; and it is seen in figure 3 that the only significant movement of the K2 atom 
with increasing pressure is along the s-axis (i.e. along the channel). On the other 
hand, the Ki atom is constrained from a similar motion by the confinement of the 
P(1)04-Ti(2)06 chain which restricts movement of the Ki atom along the b-axis (see 
figure 1). It is interesting to note that although the Ki cage forms a channel which 
runs parallel to the a-axis, the Ki atom does not show a significant movement along 
the a-axis with increasing pressure. The apparent difference in behaviour may be 
partly due to the greater restriction offered by the Ki cage environment, which has a 
volume 25% smaller than that of the 1(2 cage. There is also a significant difference 
in compressibility in the average K-O bond lengths which reduce by 1.2 ± 0.3% and 
1.8± 0.2% for the Ki and K2 cages respectively. 
As the P(1)04-Ti(2)06 chain deforms under pressure, the motion of the 03 atom, 
combined with that of the P1 atom, results in a reduction of the P1-03-M bond 
angle by approximately 3° between 0.2 and 4.7 GPa (see table 4). This bond links 
the chain of alternate P(1)0 4 tetrahedra and Ti(1)0 6 octahedra which is directed 
along the a-axis (see figure 1). The most significant Ti0 6 -PO4 linking angle change, 
however, is in the P2-07.-Ti2 bond which reduces by approximately 51 over the same 
pressure range (see table 4). (This is less than 20% of the angular change of 6.1° 
at 1 GPa reported by Stucky et al [7] for an unspecified P-O-Ti bond.) All the 
other P-O--Ti bonds have angular changes of approximately 2° or less, as do the 
Ti-OT-Ti bonds which link the titanium octahedra (the P1-04-Ti2, P2-06--Til and 
Til-0T2-Ti2 linking bonds are given as examples in table 4). 
The overall distortion of the Ti(1)0 6 and Ti(2)06 octahedra appears to be re-
tained up to 4.7 GPa in as much as the general pattern of long and short Ti-0 bond 
lengths remains the same (as can be seen from table 2) and the 0-Ti-0 bonds, within 
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Figure 4. The relative volumes (V/V0 ) of the 
unit-cell volume (0) and K cages () (the K! and 
K2 cages averaged) in KTiOPO4 as a function of 
pressure, referred to the value V. at 0.2 GPa. The 
atmospheric-pressure values, shown as • and A, are 
calculated from the unit-cell dimensions and the 
fractional coordinates of Thomas a at [1]. Note 
that where error bars are not shown, the errors 
are smaller than the circular symbols. The broken 
and full curves are from Murnaghan fits to the 
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Figure S. The Ti2-0T2 and Til-072 bond lengths 
in KTiOPO4 as a function of pressure. The 
atmospheric-pressure values, shown as •, are cal-
culated from the fractional coordinates of Thomas 
a a! [1]. The lines indicate the changes in the 
bonds and are a guide to the eye only. 
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bonds within the highly distorted Ti0 6 octahedra have been considered to be linked 
to the non-linear optical properties of KTP and are consequently of great interest [2]. 
From table 2 it is evident that the Til-072 and Ti2-072 bond lengths both undergo 
systematic changes under pressure. The longer of the two, Ti2-0T2, clearly reduces 
in length while the shorter one, Til-0T2, appears to increase slightly, as shown in 
figure 5. (In the case of Til-072 there is a significant offset between the values 
obtained at ambient pressure and 0.2 GPa. The trend in this bond length is taken 
relative to the 0.2 GPa reference point.) These changes reduce the difference between 
the Til-0T2 and the Ti2-0T2 bond lengths by around 20%, but the Til—OT1 and 
Ti2-0T1 bonds appear to retain their bond length difference; it would now be of in-
terest to find out whether there is any accompanying variation in the second-harmonic 
generating (sHG) properties as a function of pressure. From table 2, it is also evi-
dent that the relatively long Til-05 and Ti2-03 bonds undergo significant shortening 
under pressure (relative to the 0.2 GPa values). As indicated above, however, the 
shortening of these bonds does not significantly reduce the overall distortions of the 
Ti06 octahedra. 
The orientation of the Ti—O bonds, as well as the variation of their bond lengths, 
is also considered to be important for the non-linear optical properties of the KIT 
structure [1, 24, 25]. In the calculation of the non-linear tensor coefficients, the 
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Table 4. Selected P-0--Ti and Ti-OT-Ti bond angles (°) in KTiOPO 4 as a function of 
pressure. The atmospheric-pressure (Al') values were calculated from the refined atomic 
fractional coordinates of Thomas a at [1J. 
-- 	
- Pressure (GPa) 
AP [1] 0.2 GPa 2.2 GPa 3.7 GPa 4.7 GPa 
P1-03-Ti2 129.6(2) 131.0(7) 129.8(7) 1282(7) 128.1(5) 
P2-07-T12 130.3(2) 132.9(9) 130.3(9) 126.6(9) 128.9(9) 
P1-04-Ti2 134.8(2) 132.9(7) 132.3(7) 131.9(7) 132.4(6) 
P2-06-Ti! 135.9(2) 136.6(9) 136.1(9) 134.8(9) 134.8(9) 
Til-0T2-M 133.4(2) 134.6(9) 133.6(8) 134.3(8) 133.5(7) 
orientations of the bonds participate through products of their direction cosines, 
where the direction cosines are determined with respect to the crystallographic axes 
[25]. For the icr structure the distortions of the Ti0 6 octahedra give rise to an 
inherently asymmetric summation of the direction cosines along the polar axis of the 
crystal. Although the Ti0 6 octahedra appear to be tilting with respect to the PO 4 
tetrahedra, the magnitude of this re-orientation does not affect the summation of the 
direction cosines significantly. 
As already outlined, the KTP structure assumes a pronounced pseudosymmetry 
derived from the centric Pnan space group [1], and it is of interest to examine how 
the structure moves with respect to this space group as the phase transition at 5.5 GPa 
is approached. In order to do so the Missym computer program [1, 261 was utilized 
to compare the refined coordinates with the pseudosymmetry at all four pressures. 
The degree of pseudosymmetry was found to remain almost constant and, therefore, 
the structure neither appeared to be moving significantly towards or away from the 
prototypic Pnan phase. it is also interesting to note that the Missym program did 
not indicate an approach towards any other pseudosymmetries at 4.7 GPa, suggesting 
that the structural transition is first-order in character. 
The deformation of the Ti0 6 -PO4 framework is not accompanied by a significant 
movement of the titanium atoms (table 1) although, as already indicated, there is a 
clear movement of the phosphorus atoms and a change in the P-0-Ti bond angles. 
Since the 0-Ti--0 angles show changes of 2 1' or less (to 4.7 CPa) the titanium 
octahedra remain fairly rigid in shape. Therefore the movement of the phosphorus 
atoms relative to the stationary titanium atoms, coupled with the angular changes in 
the P-0-Ti linking bond angles, suggest that the Ti0 6 octahedra are tilting relative 
to the PO 4 tetrahedra. 
The observed structural changes of KTP as it approaches its phase transition are 
similar in kind to those of the plagioclase feldspar anorthite CaAJ 2 Si2 08 which ex-
hibits a first-order structural phase transition at 2.6 Gpa [23]. All of the feldspars 
have crystal structures consisting of a three-dimensional framework of corner-linked 
A104 and SiO4 tetrahedra. In the case of anorthite, cavities formed in the framework, 
which are analogous to the cage sites of icn', contain Ca atoms. The mechanism for 
the transition, from the low-pressure PT structure to the IT high-pressure structure, 
is tilting of the essentially rigid tetrahedra of the framework. The resulting defor-
mation of the framework from the ambient structure apparently reflects a need to 
accommodate both the applied pressure and the large Ca cations within the cavities 
of the framework. Initially the volumes of the cavities, as defined by the eight closest 
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oxygen positions, decrease under pressure in a manner similar to that of the cage 
sites in ICFP. After the transition the volume of the cavities increases again as the 
framework tetrahedra suddenly tilt into new orientations. The tilting of the tetrahe-
dra manifests itself as a change of the T-O-T (Al, Si-O--Al, Si) bond angles, which 
link neighbouring tetrahedra. The magnitudes of the T-O-T bond angle changes be-
tween atmospheric pressure and the phase transition are of the same order as those 
for the P-0-Ti linking bonds of KT?. After the transition in anorthite, however, there 
is a sudden angular change of the linking bonds with one such bond exhibiting an 
increase of 17°, where it had initially decreased by only 2° as the phase transition 
was approached. It is also interesting to note that the Ca atom environments, or 
rather the potential well within each cavity, show a marked change above the phase 
transition. In the low-pressure phase the potential within the cavities is wide and 
relatively flat while above the transition the potential becomes significantly sharper. 
Although the KFP cage sites are quite different from the anorthite cavities, the high-
pressure Raman study and the present high-pressure structural study both indicate 
that a significant pressure dependence is present for the K atom environments as the 
phase transition is approached. The Raman study provides additional evidence that 
the potential well within the cage sites also becomes sharper after the transition, in as 
much as the initially softening 56 cm' mode becomes stiffer. However, it remains to 
be seen whether the cage sites increase their volume after the transition in a manner 
similar to that of anorthite. 
The observed decrease of the K-cage site volumes under pressure intuitively sug-
gests that the potential experienced by the K atoms will sharpen under pressure, 
thereby coupling the motion of the K atoms more closely to that of the cage oxygens. 
But in the absence of a detailed analysis of the phonon spectrum it is not possible to 
relate the observed structural changes of KrP with pressure to the softening 56 cm - ' 
Al  mode. However, the tilting of the Ti0 6 octahedra relative to the PO 4 tetrahedra 
does generally agree with the behaviour proposed by Kourouklis et a! [9] as the phase 
transition is approached. 
4. Conclusions 
The principal changes of the KTP structure under pressure are in the region of the 
relatively compressible K cages. The PO 4 and Ti06 units remain rigid in size and 
shape, and the compression of the cages appears to be accommodated by significant 
buckling of the framework structure, accompanied by a pronounced movement of the 
K2 atom. The observed angular changes in the P-O-Ti linking bonds suggest that 
the deformation of the structure around the the cage sites is principally achieved by 
tilting of the T106 octahedra relative to the PO 4 tetrahedra. 
The other structural changes up to 4.7 GPa are relatively small. In particular, the 
Ti06 octahedra were found to retain their general distortion although there are some 
small changes in Ti-0 distances, including a reduction in the difference between the 
Til-0T2 and Ti2-0T2 bond lengths. It is not known whether the SHG properties—
thought to be associated with the distorted Ti0 6 octahedra—remain unaltered with 
pressure and a study is being planned to determine this. The results of the analysis 
with the Missym program indicate that the changes in the structure are consistent 
with a first-order phase transition and it is not possible to predict the structure of 
the high-pressure phase. Therefore it is proposed to continue the study of the KTP 
structure through the phase transition. 
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STRUCTURAL STUDIES OF POTASSIUM TITANYL PHOSPHATE (KTP) 
UNDER HIGH PRESSURE 
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ABSTRACT The crystal structure of KTiOPO 4 (KTP) has been determined 
as a function of pressure towards its phase transition at 5.5 GPa. The principal 
changes with pressure are in the cage site environments of the potassium atoms 
and in the linking bond angles of the Ti0 6-PO 4 framework. The distortions 
of the Ti06 octahedra, which have been linked to the second harmonic gen-
erating properties of KTP, remain almost unchanged. An initial study of the 
structure in the high-pressure phase (at 6.2 GPa) suggests that the primitive 
orthorhombic cell is retained with a 5% reduction in the unit-cell volume at the 
transition. 
INTRODUCTION 
Potassium titanyl phosphate, KTiOPO 4 (KTP), has been of interest for a number of 
years due to its highly non-linear optical properties. KTP is a particularly efficient 
second harmonic generator of the 1.06 urn Nd-YAG laser light and is finding many 
applications in the field of optoelectronics. At room temperature the structure of 
KTP assumes the acentric Pna2 1 space group with lattice parameters' a=12.819(3) 
A, b=6.399(1) A, c=10.584(2) A, V=868.1 A. The principal structural origin of 
this non-linear optical behaviour has been proposed to be the anomalously short Ti-
0 bonds in the highly distorted Ti0 6 octahedra, which form characteristic chains in 
the [0 1 1] and [0 -1 1] directions linked by alternately long and short Ti-O bonds'. 
Recently, a high-pressure Raman study of KTP, carried out by Kourouklis et a1 3 , 
provides evidence of an, as yet, undetermined phase transition at 5.5 GPa. This 
Raman study showed that at the phase transition there is an increase in the number 
of modes, accompanied by discontinuities in several of the modes. The behaviour of 
the modes, therefore, suggests a first-order transition into a high-pressure phase of 
lower symmetry. The purpose of this investigation is to establish the major struc-
tural changes occurring as the phase transition is approached and to determine the 
structure of the high-pressure phase. Full details of the structural changes towards 
the transition are presented in more detail in a forthcoming paper 4,  while initial 
results of the structure determination of the high-pressure phase are presented here 
for the first time. 
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0 	 0 	 0 
FIGURE 1 The structure of KTP viewed along the b-axis. 
1. THE CRYSTAL STRUCTURE OF KTP AS A FUNCTION OF PRESSURE 
TOWARDS THE PHASE TRANSITION 
Experiment 
A suitably-sized single crystal fragment (approximate dimensions O.lxO.lxO.1 mm) 
was mounted in a Merrill-Bassett type diamond-anvil cell, with a tungsten gasket 
used to confine the sample and the 4:1 methanol:ethanol pressure-transmitting fluid. 
Refinements of simulated data indicated that the lowest correlations and e.s.d's 
were given for the positional parameters with the b- and c-axes parallel to the 
diamond anvil faces. Therefore, this setting of the crystal was selected. The cell 
was mounted on an Enraf-Nonius CAD4 diffractometer, which was equipped with 
a graphite-monochromated AgKa xray source. This wavelength was chosen due to 
the superior resolution and lower absorption it offers over MoKa. Data were initially 
collected at the low pressure of 0.2 GPa, the pressure being determined from the 
frequency shift of the ruby fluorescence spectrum. The reflections were measured 
using the u-scan method at the position of least attenuation of the pressure cell, 
following the procedure of Finger and King'. All reflections were measured at three 
positions over a narrow range around the scattering vector to detect reflections 
affected by simultaneous diffraction by the diamond anvils 6 . The affected reflections 
were removed from the data. After applying a correction for both the absorption of 
the pressure cell and the sample, the data were averaged over repeated measurements 
and used for a least-squares refinement of the structure, including an extinction 
correction, using the PROMETHEUS crystallographic programs. 
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The purpose of the low-pressure 0.2 GPa reference data set was to establish to 
what extent (if at all) the restrictions imposed by the pressure cell bias the refined 
structural parameters, as well as establishing a reasonable data-collection strategy. 
Any bias in the data may offset the refined positional parameters from their ambient 
pressure values. Therefore, the low-pressure reference data set establishes a starting 
point from which any changes in the structure can be determined for data measured 
at higher pressures. 
Data were collected at pressures of 2.2, 3.7 and 4.7 GPa and at each pressure, 
including 0.2 GPa, the unit cell dimensions were determined accurately by the four-
equivalent-settings procedure of King and Finger 7 which corrects for any sample 
mis-centering. The data collection and refinement procedures for the high-pressure 
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FIGURE 2 Fractional coordinate changes for (a) the K(1) (0) and I((2) (Lx) 
atoms, and (b) the P(1) () and 0(3) (A) atoms. Note that some of the points 
have been translated slightly along the pressure axis to avoid overlap 
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Results and Discussion 
The principal changes of the KTP structure under pressure appear to be in the region 
of the relatively compressible K(1) and K(2) cages which absorb a significant fraction 
of the 4.7% reduction of the unit cell-volume. While the PO 4 and Ti06 units remain 
fairly rigid in shape, the compression of the cages appears to be accommodated by 
significant deformation of the framework structure, accompanied by a pronounced 
movement of the K(2) atom. In contrast the K(1) atom remains relatively stationary 
(see Figure 2a). From Figure 1, which presents the structure of KTP, it is evident 
that the K(2) cage site forms a channel along the b-axis of the crystal. The K(2) 
atom, therefore, is relatively free to move in this direction. Conversely, the K(1) 
atom is constrained from a similar motion by the 0(3) atom which is itself forced 
to undergo a relatively pronounced movement as the P(1)0 4-Ti(2)0 6  chain deforms 
under pressure (see Figure 2b). The deformation of the framework structure is also 
accompanied by strong movement of the P(1) and P(2) atoms. To illustrate the 
shifts, the fractional coordinate change of the P(1) atom is also shown in Figure 2b 
(note that P(2) has a shift of similar magnitude to that of P(1) and is not shown 
in the figure).The motion of the 0(3) atom, combined with that of the P(1) atom, 
results in a reduction of the P(1)-0(3)-Ti(2) bond angle by approximately 3 0 in 
4.7 GPa. However, the most significant Ti0 6-PO 4 linking angle change is in the 
P(2)-0(7)-Ti(2) bond which reduces by approximately 6° over the pressure range. 
(But this is much less than the angular change of 6.1° at 1 GPa reported by Stucky 
et al 8  for an unspecified Ti-0-P bond). All the other Ti-0-P bonds have angular 
changes of 2 0 or less, as do the Ti-OT-Ti bonds which link the titanium octahedra. 
The anomalously short Ti-OT bonds within the highly distorted Ti0 6 octahe-
dra have been proposed to be linked to the non-linear optical properties of KTP 
and are consequently of great interest. It is evident from Figure 3 that the Ti(1)-
OT(2) and Ti(2)-OT(2) bond lengths both undergo systematic changes under pres-
sure: the longer Ti(2)-OT(2) bond reduces in length while the shorter Ti(1)-OT(2) 
bond length appears to increase slightly. These changes reduce by around 20% 
the difference between the Ti(1)-OT(2) and Ti(2)-OT(2) bond lengths, while the 
Ti(1)-OT(1) and Ti(2)-OT(1) bonds appear to retain their bond length difference. 
It is not yet known whether there is any accompanying change in the pronounced 
second-harmonic generating properties of the crystal and a study to establish the 
SHG properties of KTP as a function of pressure is currently being planned. The 
overall distortion of the Ti(1)0 6 and Ti(2)06  octahedra appears to be retained up 
to 4.7 GPa in as much as the long to short distribution of the Ti-0 bond lengths re-
mains the same and the 0-Ti-0 bonds, within the octahedra, have angular changes 
of only 20 or less. 
The deformation of the Ti0 6-PO4 framework is not accompanied by a significant 
movement of the titanium atoms, although, as already indicated, there is a clear 
movement of the phosphorus atoms and a change in the Ti-0-P bond angles. Since 
the 0-Ti-0 angles show changes of 2° or less the titanium octahedra remain fairly 
rigid in shape. Therefore, the movement of the phosphorus atoms relative to the 
stationary titanium atoms, combined with the angular changes in the Ti-0-P bond 
angles, suggest that the Ti0 6 octahedra are tilting relative to the PO 4 tetrahedra. 
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FIGURE 3 The Ti(1)-OT(2) and Ti(2)-OT(2) bond lengths as a function of 
pressure 
2. THE UNIT CELL ABOVE THE PHASE TRANSITION 
Experiment 
In order to achieve the 5.5 GPa required to place KTP into its high-pressure phase, 
it was found necessary to use an alternative design of pressure cell. Although the 
Merrill-Bassett cell was capable of pressures just in excess of 6.0 GPa the pressure 
was found to be unstable and could not be sustained above the required 5.5 GPa. A 
cell of more robust construction, designed by D. Adams, was loaded with a freshly 
prepared sample of KTP. The crystal was cut to the dimensions of 0.1x0.1x0.05 mm' 
(from the same bulk sample of KTP used in the first part of the experiment) and the 
crystallographic axes determined relative to its regular box-like shape. The crystal 
was then mounted in the cell with its b- and c-axes parallel to the diamond-anvil 
faces. A tungsten gasket was used to enclose the sample and the ethanol-methanol 
pressure transmitting fluid. The cell was then taken to a pressure of 6.2 GPa and 
mounted on the CAD4. The sample was oriented using the same indexing scheme as 
that used for the low-pressure phase and the unit-cell dimensions were determined 
from the four-equivalent-settings procedure. A search was made along the [1 0 0] 
type,[1 1 0] type. and [1 1 1] type directions for new reflections, and reflections 
within the (0 k 1), (h 0 1) and (0 k 1) layers were also measured to check space group 
absences. 
Results and Discussion 
No new reflections were found in the preliminary survey, and the unit cell appears 
to remain primitive, with the axes parallel to those of the low-pressure phase. The 
measured cell dimensions (table 1) indicate that the unit-cell undergoes a rather 
large 5% volume reduction at the phase transition with the a- and c-axes shortening 
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by 1% and 3% respectively. Initial studies of the reflection conditions indicate that 
the n-glide symmetry has been lost; however, the full symmetry of the cell has not 
been determined at this early stage of the study. A full structure determination of 
the new phase is now in progress. 
TABLE 1 	The unit cell dimensions and volume as a function of pressure 
Pressure (GPa) AP(ref[1]) 0.2 GPa 2.2 GPa 3.7 GPa 4.7 GPa 6.2 Gpa 
a(A) 	12.819(3) 	12.832(7) 12.705(7) 12.639(7) 12.620(8) 12.477(9) 
b(A) 6.399(1) 6.412(3) 	6.363(2) 	6.331(2) 	6.315(4) 	6.322(3) 
c(A) 	10.584(2) 	10.586(4) 10.505(4) 10 .447(4) 10 .417(5) 10.058(4) 
V(A3 ) 	868.2(4) 	871(1) 	849(1) 	836(1) 	830(1) 	793(1) 
CONCLUSIONS 
The structural, changes up to 4.7 GPa are relatively small,with the overall distortions 
of the ambient-pressure KTP structure being maintained. In particular, the Ti0 6 
octahedra were found to retain their distortion although the difference between the 
Ti(1)-OT(2) and Ti(2)-OT(2) bond lengths was found to reduce. It is not yet known 
whether the second-harmonic generating properties associated with the distorted 
Ti06 octahedra remain unaltered with pressure. The transition to the high-pressure 
phase appears to involve a large reduction (5%) in the unit-cell volume, implying 
substantial structural changes. 
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LETTER TO THE EDITOR 
The crystal structure of potassium titanyl phosphate (icrr) in 
its high-pressure phase 
D R Allan and R J Nelmes 
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EH9 3J7, UK 
Received 22 May 1992 
Abstract. The structure of the high-pressure phase of icr has been determined at 
6.2 GPa using Patterson projections, Fourier difference maps and least-squares refinement. 
Although the phase transition is strongly first-order and involves a 4.2% reduction of the 
unit-cell volume, the Ffla21 space-group symmetry of the low-pressure phase is retained. 
The main structural changes involve tilting of the PO4 tetrahedra relative to the Ti06 
octahedra, while both Units remain relatively unchanged in size and shape. In particular, 
the Ti06 octahedra remain highly distorted and retain their anomalously short Ti—OT 
bonds. The potassium atoms are observed to undergo relatively large movements of 
about 0.5 A along the polar c-axis. 
Potassium titanyl phosphate (KTP) and its family of structural analogues form a unique 
class of non-linear optical materials. KTP is an extremely efficient second-harmonic 
generator (sHG) of Nd-YAG laser light [1] and is a particularly important material 
for many opto-electronic applications. The structure of KTP assumes the acentric 
Fia2 1 space group at atmospheric pressure (a = 12.819(3) A, 5 = 6.399(1) A, 
c = 10.584(2)A, V = 868.1(4)A3 [2]) and is characterized by chains of Ti0 6 
octahedra linked by PO 4 tetrahedra. The Ti0 6 octahedra are highly distorted and 
contain anomalously short Ti—O bonds. It is these anomalously short bonds that have 
been associated with the non-linear optical properties of the crystal [3]. The KTP 
structure exhibits a strong pseudosymmetry derived from the centric Pnan space group 
and it has been reported that the isomorphous thallium analogue TITiOPO 4 (TrrP) 
undergoes a second-order transition into this Pnan symmetry at 923K [4]. Recently, 
it has been demonstrated by Kourouklis et a! [5] that KTP exhibits a structural phase 
transition at a pressure of 5.5 GPa. Their high-pressure Raman study shows that 
there is an increase in the number of detectable modes at 5.5 GPa, which was taken 
to indicate a lowering of the crystal symmetry into an antiferroelectric phase. In 
contrast, Serhane et a! [6] have located a phase transition in TITP at 6 GPa where the 
number of Raman modes decreases by about a factor of two. They postulate that 
'rrrp adopts a centrosymmetric phase which is paraelectric and closely related to the 
high-temperature phase. It is of considerable interest to determine what relationship 
these high-pressure phases have to the high-temperature phase, and whether the high-
pressure phases of KTP and TiTP have different structures. We have recently carried 
out a detailed investigation of the changes that occur as the high-pressure transition 
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in KTP is approached [7]. We now report the successful determination of the structure 
of the high-pressure phase. 
A single crystal of flux grown KTP was cut to the dimensions of 50 x 100 x 100 m 3 
and mounted in a Diacell diamond-anvil pressure cell so that the b- and c-axes were 
parallel to the diamond-anvil faces. From the previous study of the low-pressure 
phase [7], this orientation of the sample was found to give the lowest correlations 
and ESDS for the positional parameters during structural refinement of the restructed 
data. A tungsten gasket was used to enclose the sample and the ethanol—methanol 
pressure-transmitting fluid. The pressure cell was then taken to a pressure of 6.2 ± 
0.1 GPa (measured using the ruby fluorescence method [8]) to place the sample 
crystal into the high-pressure phase. The cell was mounted on an Enraf—Nonius 
CAD4 diffractometer and oriented using the same indexing scheme as that used for 
the low-pressure phase [7], and a search was made along the [100], [110] and [111] 
directions for new reflections. No new reflections were found in the survey; the unit 
cell appears to remain primitive, with axes parallel to those of the low-pressure phase. 
(A series of precession photographs also showed no new reflections strong enough 
to be detected on film.) The unit-cell dimensions were then determined accurately 
by the four-equivalent-settings procedure of King and Finger [9] and found to be 
a = 12.477(9)A, b = 6.322(3)A and c = 10.058(4) A, giving a unit-cell volume 
V = 793(1) A. Comparing these values with an extrapolation to 6.2 GPa from our 
previous unit-cell measurements [] indicates that there is a 4.2% volume reduction 
at the phase transition. The transition is, therefore, strongly first-order. 
Intensity data were collected with the u-scan method at the position of least 
attentuation of the pressure cell, according to the fixed-4 technique [10]. All accessi-
ble reflections in the hemisphere ±h,k,±l up to a maximum sin 0/A of 0.59 A-1 , 
totalling 1056, were measured with graphite-monochromated MoK radiation. The 
systematic absences were consistent with either the Pna21 or Pnam space groups. 
Although observation of the hOl layer of reflections was restricted by the pressure 
cell, a sufficient number of systematic absences could be recorded to establish that 
the a-glide was present. After applying a correction for the absorption of the sam-
ple the data were used to generate Patterson projections. Comparing the 6.2 GPa 
Patterson projections with those for the low-pressure data sets, the major structural 
changes were identified and an initial structural model developed in the Pna21 sym-
metry. (A satisfactory model could not be found in the Pnam space group since 
the atoms would have to undergo unrealistically large movements to conform to the 
mirror plane. These movements would require severe disruption of the Ti0 6 —PO4 
framework and the breaking of several bonds.) The model was then successfully re-
fined using the Prometheus suite of crystallographic programs [11]. Fourier difference 
maps were generated at each stage of the refinement to check the quality of the fit. 
The atomic coordinates refined freely to a structure in which the Ti0 6 octahedra 
and PO4 tetrahedra have internal bond lengths and bond angles very similar to the 
low-pressure structure. Also, the fit to the data compared well with the fits obtained 
in refinements of equivalent data sets from the low-pressure phase. 
If the true symmetry of KTP were lower than Pna21 as proposed by Kourouklis 
et al [5] from their high-pressure Raman study, the structure would have to be only 
slightly distorted from the one refined in the Pna21 space group, so the apparently 
absent reflections are in fact present but too weak to be observed. The only space 
groups allowing such a small distortion of the structure, and not introducing further 
reflection conditions, are monoclinic Ph, Pa and P21 . Using the coordinates refined 
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with the Tha2 1 space group as starting values, refinements were performed in each 
of these space groups. However, the refinements did not give a significantly better 
fit to the data and the atomic positions differed by less than 0.1 A from their Pna21 
positions. It appears, then, that the Fia21 space group is retained after the phase 
transition, unless there is twinning not resolvable in this experiment. 
The Fza2 1 refinement was completed by removing the systematically absent re-
flections from the data and averaging over symmetry-equivalent reflections, after their 
intensities had been corrected for extinction. The oxygen atoms were all refined with 
isotropic temperature factors while the potassium, titanium and phosphorus atoms 
were refined with anisotropic temperature factors (the anisotropic thermal parame-
ters for the atomic motion directed along a, the direction of lowest resolution in 
the data, were constrained to their ambient values). Similar constraints were applied 
to the low-pressure refinements [7] and were shown not to bias the refinement of 
the positional parameters significantly. The final cycle of refinement resulted in a 
weighted R-factor, R, of 3.6% for 533 independent reflections and 88 refinable pa-
rameters. Thble 1 presents the refined atomic coordinates and the structure is shown 
in figure 1. 
Table 1. Atomic coordinates of KTiOPO4 at 6.2 GPa. The estimated standard deviations 
(EsDs) are given in parentheses. Note that the Prometheus refinement program requires 
that one atom is fixed along the polar axis. The Tit z coordinate was chosen to be fixed 
to the same value used in the low-pressure study, and so no ESO is quoted for it. 
X y z x y z 
Ki 0.3953(7) 0.7780(4) 0.6314(4) 03 0.4373(21) 0.1848(11) 0.7130(9) 
K2 0.1146(6) 0.7001(4) 0.8667(4) 04 0.6246(19) 0.1795(12) 0.7590(9) 
RI 0.3718(4) 0.4894(3) -0.0004 OTI 0.1913(16) 0.9728(9) 0.3269(6) 
T2 0.2800(5) 0.2572(3) 0.7240(3) 0T2 0.2510(17) 0.0398(9) 0.5783(7) 
Pi 0.5296(8) 0.3218(4) 0.7623(4) 05 0.0998(15) 0.2982(11) 0.4702(7) 
P2 0.1798(6) 0.4810(4) 0.4784(3) 06 0.1218(15) 0.6777(12) 0.5285(8) 
01 0.5134(15) 0.4177(11) 0.8973(7) 07 0.2300(16) 0.5126(9) 0.3390(7) 
02 0.5452(15) 0.5043(10) 0.6625(7) 08 0.2754(15) 0.4380(9) 0.5672(6) 
Figure 1. The high-pressure structure of 
KTiOPO4 viewed along the b-axis. The 
shaded circles represent the titanium atoms 
and the Ti06-PO4 chains labelled Cl-Il and 
CH2 exhibit parallel/antiparallel translations 
along the a-axis, in the directions indicated 
by the arrows. This figure can be compared 
with figure 1 of Allan et al [7] to reveal the 
deformation of the potassium cage site en-
vironments and the pronounced movements 
of the potassium atoms along the c-axis. 
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The main structural changes involve the n-glide-related Ti(2)0 6—P(1)04 chains 
(labelled CH1 and CH2 in figure 1), which exhibit parallel/a ntiparallel translations 
along the a-axis. The cross-linking Ti(1)0 6—P(2)04 chains (which are directed along 
the b-axis) are rotated by the relative shifts of the Ti(2)0 6 —P(1)04 chains. Within 
the chains there is pronounced tilting of the Ti0 6 octahedra with respect to the 
PO4 tetrahedra, with a considerably larger change in their relative orientation than is 
observed between ambient pressure and the phase transition [7]. The overall shape 
and distortions of the Ti0 6 octahedra are almost unchanged by the phase transition 
and the distribution of the long, intermediate and short bonds is the same as in the 
low-pressure phase. In particular the anomalously short Ti—OT bonds are retained. 
However, some of the bond angles within the Ti06 octahedra differ significantly from 
their values below the phase transition. This is in marked contrast with the bond-
angles of the PO4 tetrahedra which show almost no change. The potassium atoms 
undergo substantial movements along the polar c-axis, of the order of 0.5 A with 
respect to the Ti0 6 —PO4 framework. These movements are accompanied by large 
distortions of the coodination (or cage site) environments of the K atoms, which 
reduce in volume by about 10%. 
Our conclusion that there is no symmetry change through the 5.5 GPa transition 
disagrees with interpretation that Kourouklis et al make of their high-pressure Raman 
data [5]. The apparent contradiction may be explained if the intensities of weak and 
previously unobserved Raman modes are augmented after the phase transition. This 
would give rise to an apparent increase of the number of modes without changing 
the crystal symmetry. 
lb summarize, we have solved the high-pressure structure of KTiOPO 4 and have 
demonstrated that the phase transition is first-order in character. Our results show 
that the Pna21 space group is retained and that there are substantial deformations of 
the Ti06 —PO4 framework. The potassium atoms also exhibit relatively large move-
ments along the polar c-axis. We are planning to investigate what effect the phase 
transition has on the SHG properties of the crystal and these results, along with a 
more detailed account of the structural changes, will be presented at a later date. 
We thank Dr P A Thomas of the Physics Department at the University of Warwick for 
the KTP sample and her encouragement of this project. We also thank Dr A J Welch 
of the Chemistry Department at The University of Edinburgh for the use of his 
CAD4 diffractometer. This work is supported by a grant from the UK Science and 
Engineering Research Council. 
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ABSTRACT The results of studies of the pressure dependence of the struc-
tures of YBa2 Cu408 and La1•85 Sr015 C1104 are presented. Comparison with the 
changes observed on oxidation of YBa 2 Cu307 ...5 show that the large dT0/dp in 
YBa2 Cu4 08 can be attributed to charge transfer. By contrast the the behaviour 
of La185 Sro . 15 Cu04 shows no evidence of charge transfer. 
INTRODUCTION 
A striking feature of many of the copper-oxide superconductors is the large 
pressure-induced increases in the superconducting transition temperature (T a ). For 
example the transition temperature of La 185 Sr0 . 15 C1104 increases by 3.3 KGPa 1 
from an ambient pressure value of 30K 1 , while that of YBa 2 Cu408 increases initially 
at 5.5 KGPa from a value of 80K 2 . 
Clearly it is important to understand the mechanism of these large effects.To 
explore the relationship between T and the structure, we have carried out high-
pressure structural studies of both YBa 2 C114 O8 and strontium-doped La 2 Cu04 . The 
structures of these compounds are shown in figure 1. The common feature is the 
basal plane of corner-linked Cu0 4 squares which are found in all the copper-oxide 
superconductors and are thought to be the superconducting part of the structure. In 
YBa2Cu4 08 (hereafter 1-2-4) the basal-plane copper atoms have a five-fold oxygen 
co-ordination forming Cu0 5 square pyramids. The apical oxygens are then linked 
to an adjacent layer of oppositely-directed pyramids by a double layer of 0-Cu-
0 chains running along the b-axis. The structure of Sr doped La 2 CuO4 (hereafter 
Lasco) does not have these chains; the basal-plane copper atoms have a 6-fold oxygen 
'Neutron diffraction data collected at INSTITUT LATJE-LANGEVIN, Grenoble, France 
[1713]/93 
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co-ordination and form layers of Cu0 6 octahedra. Lasco has a phase transition from 
the tetragonal structure shown in figure 1, involving tilting of the Cu0 6 octahedra 
about <110> to form an orthorhombic superstructure. At the optimal level of 
strontium doping for a maximum T ( 7.5 %) this transition occurs at Td=140K. 
To obtain structural changes large enough to determine reliable rates of change, 
it is necessary to collect data at pressures much above 1 GPa 5;  for Lasco it is de-
sirable to collect data at low temperatures in the orthorhombic phase below Td 
(i.e. in the phase that becomes superconducting). Unfortunately it is difficult to 
achieve these conditions simultaneously. High-pressure x-ray diffraction is not read-
ily performed at low temperatures and neutron diffraction (with sufficient sample 
volume) is limited to 1 GPa. The best available option was to follow the pres-
sure dependence at room temperature to above 3 GPa using x-ray techniques and 
then use neutron techniques to make a comparative study (to < 1GPa) at low 
temperature. This paper presents x-ray single-crystal studies of 1-2-4 and Lasco 
at ambient temperature, and neutron powder diffraction studies of Lasco at 55K. 
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Figure 1: The structures of La j . 85 Sr0150u04 and YBa2Cu408 
X-RAY STUDIES 
Single crystals of nominal composition La 1 .85 Sr0j5 Cu04 were grown by a flux 
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method by the Crystal Growth Group,Clarendon Lab,Oxford. The sample of 1-2-4 
was also grown from flux, using a high pressure oxygen technique 3 at ETE, Zurich. 
In each study a piece of dimension .lx.lx.1 mm' was cut from the sample pro-
vided, and loaded into a Merrill-Bassett type diamond-anvil cell (DAC). Shadowing 
by the steel cell housing restricts the accessible reflections to those lying in or close 
to the reciprocal lattice plane parallel to the diamond faces 4 in both crystal struc-
tures all the x and y fractional co-ordinates are fixed by symmetry and so only the 
z co-ordinates have to be determined. The samples were mounted with their a and 
c axes in the plane of the diamond faces to allow access to the high 1 reflections and 
hence give the best precision on the structural parameters of interest. 
The cell was assembled with a tungsten gasket and a 4:1 methanol:ethanol mix-
ture ,dried with molecular sieve, as a pressure transmitting fluid. X-ray diffraction 
data were collected on an ENRAF-NONIUS 4-circle diffractometer with graphite-
monochromated Ag Ka  x-rays,following standard high-pressure procedures 5 . To 
establish a good data set all accessible reflections in the required layers (hOl in 
Lasco,hOl,hll,h21 in 1-2-4) were measured out to sin 6/.\ = 1.2 A-1 . Data were 
collected from Lasco at pressures of 0.2,0.8,1.1,2.1 and 3.3 GPa and from 1-2-4 at 
pressures of 0.2,1.5,3.2,4.5 and 4.7 Gpa. After correction for absorption by both 
the pressure cell and the sample, and the removal of occluded reflections the data 
were used for a least-squares refinement of the structure , including an extinction 
correction, using the PROMETHEUS suite of programs 6 . 
NEUTRON POWDER DIFFRACTION STUDIES 
A sample of La j85 Sr0 . 15 Cu04  synthesised at ISMRA, Caen, was loaded into a 
Paureau-Vettier type gas cell which has an effective sample volume of 4000 mm 3. 
The cell was mounted inside an ILL orange cryostat and pressure was applied using 
helium gas and measured using a digital strain gauge with a accuracy of 50 bar. 
Diffraction patterns were collected at 55K and pressures of 0.0001, 0.25 and 0.5 
GPa on the D1A diffractometer at ILL using a calibrated wavelength of 1.909 A. 
The data collection time was 12 hours for each pattern. 
The structure was refined using the Rietveld method as implemented in the 
program PROFIL 7 .Scattering from the pressure cells produces a small number of 
intense peaks which were excluded from the refinement. Otherwise the background 
was estimated visually. All positional parameters not fixed by symmetry were re-
fined along with isotropic thermal parameters and instrumental zero and asymmetry 
parameters. 
RESULTS AND CONCLUSIONS. 
The pressure dependence of the principal features of the 1-2-4 structure are 
shown in figure 2. They are the shortening of the basal-plane copper to apical-oxygen 
bondlength (Cu2-01), the reducing pucker of the barium apical oxygen layer (Ba- 
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Figure 2: The pressure dependence of the bondlengths Cu2-01(upper figure) 
,Cul-01 (middle) and the Ba-01 interlayer separation (bottom) in 1-2-4.The solid 
lines represent the changes of the corresponding bondlengths in 1-2-3 made using 
the procedure described in the text. 
To understand the significance of these changes it is useful to compare them 
with the effect of oxidation on the structure of YBa 2 Cu307_5 (123)8.  1-2-3 has a 
very similar structure to 1-2-4, the principal difference being that it has only one 
0-Cu-0 chain instead of the two in 1-2-4. The oxygen atoms in this chain are not 
strongly bound and by controlling the preparation conditions S may be varied from 
1.0 to 0. As S decreases from 0.5 to 0, T increases from 55k to 90K. The solid lines 
in figure 2 show the change in the corresponding distances in 1-2-3 under oxidation 
and are obtained by taking the average rate of change of the distance with T in 1-
2-3 and using the known T(P) for 1-2-4 to derive an equivalent pressure. The lines 
are thus estimates, subject to the various approximations, of the way Cu2-01,Ba-01 












STRUCTURAL STUDIES OF SUPERCONDUCTORS 	 [17171/97 
the structure is the same as in 1-2-3. 
It can be seen that there is a remarkable similarity, particularly in the case of 
Cu2-01. This provides strong evidence that the charge transfer mechanism thought 
to be responsible for the increases in T in 1-2-3 is also responsible for the increase 
in T under pressure. 
Figure 3 shows the behaviour of the length of the basal-plane copper to apical-
oxygen bond in Lasco (Cu-02) as a function of pressure. It can be seen that results 
obtained at 55k by neutron powder diffraction do not differ from those measured at 
ambient temperature by single-crystal x-ray measurements. Thus it is reasonable to 
expect that the behaviour of Cu-02 near to T is very similar to that determined 
at ambient temperature. 
The values of the bondlength determined from the x-ray data show a small 
decrease with pressure of 0.005 AGPa_' due entirely to the compression of the c-
axis. This is in contrast to the change in Cu2-01 in 1-2-4 which decreases by 0.015 
AGPa over the same range. Only 1/3 of this is due to the compression of the 
c-axis. 
It is possible to calculate the change in hole concentration from changes in 
bondlength using either bond valence sum or Madelung energy techniques and we 
are in the process of performing such calculations. Preliminary results indicate that 
charge transfer is reflected in a change in the fractional bondlength.- i.e. a change 
over and above the general compression of the unit cell. This leads us to conclude 
that the lack of change in z(02) with pressure in Lasco suggests an absence of charge 
transfer.This means that some other mechanism is required to explain the pressure 
dependence of T in Lasco and that the charge transfer mechanism as currently 
developed for 1-2-3 and 1-2-4 does not offer a universal explanation of the variations 
of Tc with pressure. 
Figure 3: The pressure dependence of the bondlength Cu-02 in La1. 85 Sr0 . 15Cu04 . 
The data shown as solid triangles are those measured in the gas cell at 55K and 
those shown as open squares are those measured at ambient temperature in the 
DAC. 
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